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Introduction 

Estrogen  receptors  alpha  and  beta  (ERa,  ERP)  play  a  central  role  in  the  etiology  of  breast  cancer  and 
drive  our  approach  to  therapeutic  intervention.  While  these  and  many  other  nuclear  receptors  (NRs)  are 
responsive  to  specific  ligands,  there  are  orphan  NRs  for  which  no  ligand  has  yet  been  identified.  The 
function  of  these  receptors  in  breast  cancer  biology  is  often  poorly  understood.  Estrogen-related  receptor 
gamma  (ERRy)  is  one  orphan  NR  with  structural  similarities  to  ERa  and  ERP  (1).  In  addition  to  its  ability 
to  transactivate  classical  and  imperfect  estrogen  response  elements  (EREs),  ERRy  is  a  potent  activator  of 
transcription  from  steroidogenic  factor- 1  (SF-1)  response  elements  (SF-lREs).  Many  genes  regulated  by 
SF-lREs  control  key  aspects  of  cholesterol  and  fatty  acid  synthesis,  important  not  only  for  generation  of  the 
plasma  membrane  but  also  for  the  synthesis  of  steroid  honnones  (2).  Consequently,  upregulation  of  ERRy 
may  increase  the  cholesterol  production  capacity  of  breast  cancer  cells  poised  to  proliferate  in  response  to 
estrogen.  This  has  the  potential  to  promote  the  development  of  hormone-refractory  breast  cancer,  and  is  also 
likely  to  attenuate  the  therapeutic  effectiveness  of  endocrine  agents  designed  to  inhibit  ER  function.  In  this 
study,  we  have  investigated  whether  ERRy  expression  and/or  activity  regulates  the  level  of  cholesterol  in  a 
pair  of  breast  cancer  cell  lines  -  one  sensitive  to  endocrine  therapy  (SUM44)  and  the  other  resistant 
(LCCTam,  TAM)  to  endocrine  therapy. 

Body 

The  original  text  of  the  Statement  of  Work  (SOW),  all  progress  associated  with  this  SOW,  and  any 
additional  data  contributing  to  our  overall  conclusions  are  described  below. 

Months  1-3 : 

A.  Task  I  -  optimize  the  detection  of  cholesterol  production  by  SUM44  and  TAM  cell  lines. 

Findings'.  We  used  a  commercially- available  cholesterol  detection 
assay  that  detects  both  cholesterol  and  cholesteryl  esters.  Briefly, 

SUM44  and  TAM  cells  were  seeded  in  6-well  plastic  tissue  culture 
dishes  for  two  to  three  days  before  being  collected.  5  x  105  to  lx 
106  cells  were  subjected  to  lipid  extraction  using  a  modified 
version  of  the  Bligh-Dyer  method  (3).  Dried  lipids  were 
resuspended  in  isopropanol  containing  10%  Triton-XlOO  detergent 
and  stored  at  -20°C  until  use  in  the  assay.  The  cholesterol  detection 
assay  was  colorimetric,  allowing  comparison  of  our  cell  line 
samples  to  a  standard  curve  containing  known  amounts  (pg)  of 
cholesterol.  Blank  (zero  control),  standard  curve,  and  test  reactions 
containing  1  pi  of  extracted  lipids  were  perfonned  in  triplicate  and 
incubated  at  37°C  for  approximately  45  minutes  prior  to  being  read 
on  a  spectrophotometer  at  a  wavelength  of  550  mn.  Results  are 
expressed  as  mean  pg  cholesterol  per  106  cells  ±  standard  error  of 
the  mean  (SEM)  for  a  representative  experiment  taken  from  at  least 
three  independent  assays  (Figure  1).  We  found  that  as  hypothesized, 
contain  modestly,  but  statistically  significantly,  more  cholesterol  than 
pg/106  cells  vs.  1.5  pg/106  cells,  p=0.003). 

B.  Task  II-  Transfect  SUM44  cells  with  a  plasmid  encoding  the  ERR  gamma  cDNA  or  the  empty  vector 
control,  and  select  both  individual  clones  and  pooled  populations. 

Findings'.  SUM44  cells  were  seeded  in  T-25  plastic  tissue  culture  flasks  and  co-transfected  with  2  pg  of  a 
plasmid  encoding  the  murine  ERR  gamma  homologue  (ERR3)  cDNA  tagged  at  the  amino  terminus  with 
hemagglutin  antigen  (generously  provided  by  Dr.  Michael  Stallcup,  USC,  and  referred  to  hereafter  as  HA- 
ERRy)  (4)  or  an  empty  pSG5  vector,  and  0.5  pg  of  a  plasmid  encoding  the  puromycin  resistance  cassette 


SUM44  ICCTam 


Figure  1:  LCCTam  (TAM)  cells 
contain  significantly  higher  levels  of 
cholesterol  than  SUM44  cells 
(p=0.003). 


endocrine-resistant  TAM  cells  do 
endocrine-sensitive  SUM44  cells  (2.0 
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(pBABEpuro).  ERR3  shares  100%  identity  with  human  ERRy  at  the  amino  acid  level  (4).  Forty  eight  hours 
after  transfection,  puromycin  antibiotic  was  added  to  the  culture  media  as  a  selection  agent  and  maintained 
at  a  concentration  of  0.75  pg/ml.  Individual  clones  and  pooled  populations  were  isolated,  expanded,  and 
stored  in  liquid  nitrogen  until  analysis. 

Months  4-7 : 

A.  Task  II-  Analyze  the  SUM44  clones  and  pooled  populations  to  detennine  the  level  and  stability  of 
overexpressed  ERR  gamma. 

Findings'.  Pooled  populations  and  individual  clones  of  SUM44  cells  that  had  been  transfected  with  HA- 
ERRy  or  pSG5  and  stored  in  liquid  nitrogen  were  cultured,  and  whole  cell  lysates  were  prepared  using 
modified  radioimmunoprecipitation  assay  (RIP A)  buffer  supplemented  with  phosphatase  and  protease 
inhibitors.  Lysates  were  fractionated  by  size  using  SDS-PAGE,  transferred  to  nitrocellulose  membranes, 
and  immunoblotted  for 
expression  using  an  antibody 
specific  to  the  HA  tag  (HA.  1 1, 
purchased  from  Covance). 

Unfortunately,  enhanced 
chemiluminescent  detection 
revealed  no  overexpression  of 
HA-ERRy  in  any  pooled 
population  or  individual  clone 
(data  not  shown). 

Faced  with  this 
setback,  we  took  the 
alternative  approach  of 
transiently  transfecting  HA- 
ERRy  or  the  empty  pSG5 

vector  into  SUM44  and  other  breast  cancer  cell  lines  to  determine  if  we  could  express  an  adequate  amount 
of  the  construct  using  this  technique.  In  Figure  2,  we  show  that  indeed,  HA-ERRy  is  detectable  between  24 
and  96  hours  post-transfection,  with  a  peak  in  expression  at  48  hours.  This  allowed  us  to  modify  our 
approach  to  later  tasks  in  this  SOW,  by  using  transient  rather  than  stable  transfection. 


B.  Task  II  -  stimulate  parental  SUM44  cells  with  ERR  gamma 
agonist  DY-131  and  perfonn  cholesterol  synthesis  assays. 
Findings'.  SUM44  cells  were  seeded  in  6-well  plastic  tissue 
culture  dishes,  and  stimulated  with  1  pM  DY-13 1  or  vehicle 
control  (EtOH)  for  72  hours  prior  to  harvesting,  lipid  extraction, 
and  cholesterol  assays  as  described  above.  Results  are  expressed 
as  relative  cholesterol  content  (normalized  to  EtOH  control)  ± 

SEM  for  a  representative  experiment  (Figure  3).  Although  1  pM 
DY-13 1  has  been  shown  to  be  sufficient  to  activate  ERRy 
transcriptional  activity  in  reporter  assays  (IC50  =  300-500  nM)  (5), 
DY-131  is  not  able  to  induce  cholesterol  synthesis  in  SUM44  cells. 


EtOH  DY-131 


Figure  3 :  ERR  gamma  agonist  D Y - 1 3 1 
does  not  stimulate  cholesterol  synthesis 
in  SUM44  cells  (p=0.48). 


Transfection:  24hr  48hr  72hr  96hr 


ERRy 
(blot  HA) 

GAPDH 

Figure  2:  HA-ERRy  expression  is  detectable  by  immunoblot  following 
transient  transfection.  GAPDH  was  used  as  a  loading  control. 
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C.  Task  III  -  design  and  test  the  efficacy  of  siRNA  against  ERR  gamma  in  the  TAM  cell  line. 

Findings :  LCCTam  (TAM)  cells  were  seeded  into  6-well  plastic  tissue 
culture  dishes  one  day  prior  to  transfection  with  a  pre-validated  siRNA 
specific  to  ERRy  (siERRy),  or  a  scrambled  control  siRNA  (siC)  (oligos 
and  DharmaFECTl  reagent  purchased  from  Dharmacon).  Cells  were 
incubated  for  a  further  72  hours  prior  to  lysis  and  immunoblot  analysis  as 
described  above  using  an  antibody  directed  against  ERRy  (purchased 
from  GenWay).  Densitometric  analysis  of  ERRy  expression  relative  to 
expression  of  the  (1-acti  n  loading  control  for  four  independent 
experiments  showed  that  ERRy  siRNA  is  successfully  able  to  knock 
down  ERRy  protein  expression  by  approximately  60%  (Figure  4, 

p<0.001). 

Months  8- IT. 

A.  Task  II  -  perform  cholesterol  synthesis  assays  on  ERR  gamma 
overexpressing  SUM44  clones  and  pooled  populations. 

Findings :  Because  we  were  unable  to  isolate  clones  or  pooled 

populations  of  SUM44  cells  that  stably  overexpressed  ERRy, 
but  were  able  to  observe  robust  expression  by  transient 
transfection  techniques  (Figure  3),  we  chose  to  do  these 
experiments  in  a  transient  manner.  SUM44  cells  were  seeded 
into  6-well  dishes  for  one  day  prior  to  transfection  with  1  pg  of 
either  the  plasmid  encoding  the  HA-ERRy  cDNA,  or  the  empty 
pSG5  vector  control.  72  hours  post-transfection,  cells  were 
harvested,  lipids  extracted,  and  cholesterol  assays  performed  as 
described  above.  Despite  good  expression  of  the  HA-ERRy 
construct  after  72  hours  of  transfection  (see  Figure  3),  we  did 
not  observe  an  increase  in  cholesterol  synthesis  in  HA-ERRy 
expressing  cells  relative  to  vector  control  (Figure  5).  In  fact, 
we  saw  a  slight  but  significant  reduction  in  cholesterol  content 
in  cells  that  were  transfected  with  HA-ERRy  (p=0.02).  While 
the  meaning  of  this  result  is  not  yet  clear,  it  is  important  to 
point  out  that  total  levels  of  cholesterol  were,  overall, 
noticeably  lower  in  cells  transfected  with  HA-ERRy  or  pSG5  as  compared  to  mock  transfected  cells  which 
did  not  receive  the  cationic  lipid  transfection  reagent.  This  may  suggest  that  transfection  with  this  particular 
reagent  (FuGENE6)  had  some  effect  on  cholesterol  production  or 
detection  in  this  context.  We  did  not  observe  this  effect  with  the 
siRNA  transfection  reagent  (DharmaFECT  1 ,  see  below),  further 
suggesting  that  transfection  using  FuGENE6  had  an  unintended 
impact  on  cholesterol  content  or  detection. 

B.  Task  III  -  perform  cholesterol  synthesis  assays  in  TAM  cells 
transfected  with  ERR  gamma  siRNA 
Findings'.  Having  established  that  ERRy  knockdown  by  the 
Dharmacon  siRNA  reagent  was  successful,  we  performed  the  same 
siRNA  experiment  outlined  above  but  instead  harvested  cells  to 
extract  lipids  and  perform  cholesterol  assays  72  hours  post¬ 
transfection.  Data  are  presented  as  mean  relative  cholesterol 
content  ±  SEM  (Figure  6).  We  observed  that  ERRy  knockdown 
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siC  siERRy 


Figure  6:  ERRy  knockdown  by 
siRNA  slightly  reduces  TAM 
cell  cholesterol  content  (p=0.03). 


pSG5  HA-ERR? 


Figure  5:  HA-ERRy  transient  transfection 
reduces,  rather  than  increases,  cholesterol 
content  of  SUM44  cells  (p=0.02). 


•p<0.001 


SiC  SiERRy 


Figure  4:  Knockdown  of  ERRy 
in  LCCTam  (TAM)  cells  by 
siRNA  (p<0.001). 


slightly,  but  significantly,  reduced  cholesterol  content  in  TAM  cells  (p=0.03). 

C.  Task  ///-stimulate  TAM  cells  with  the  ERR  gamma  antagonist  diethylstilbestrol  and  perform 
cholesterol  synthesis  assays. 

Findings :  LCCTam  (TAM)  cells  were  seeded  in  6-well  plastic  tissue  culture  dishes  one  day  prior  to  treating 
with  1  pM  diethylstilbestrol  (DES)  or  vehicle  control  (DES).  72  hours  post-treatment,  cells  were  harvested 

for  cholesterol  assays  as  above  (Figure  7).  We  observed  no 
statistically  significant  increase  or  decrease  in  LCCTam  cell 
cholesterol  content  in  the  presence  of  DES  (p=0.2). 

Month  12: 

A.  Complete  any  unfinished  experiments 

B.  Begin  work  on  a  manuscript  for  publication 

Additional  Studies'. 

A.  Activity  of  an  SF-lRE-driven  luciferase  reporter  in  SUM44  and 
TAM  cells. 

Rationale :  As  stated  in  the  original  grant  application  and  in  the  above 
Introduction  section,  ERRy  is  a  potent  activator  of  transcription  from 
steroidogenic  factor- 1  (SF-1)  response  elements  (SF-lREs). 
Therefore,  we  asked  whether  SF-1  RE  transcriptional  activity  is 
higher  in  TAM  cells  than  in  SUM44  cells,  as  would  be  expected  given  their  overexpression  of  ERRy. 
Findings :  SUM44  and  LCCTam  (TAM)  cells  were  seeded  into  12-well  plastic  tissue  culture  plates  one  day 
prior  to  transfection.  Cells  were  co-transfected  with  a  luciferase  reporter  construct  bearing  three  tandem 
copies  of  the  consensus  sequence  for  SF-1RE  (TCAAGGTCA;  generously  provided  by  Dr.  Jean-Marc 
Vanacker,  INSERM,  Montpellier,  France)  (6)  and  a  control  plasmid  (phRL-SV40-Renilla,  purchased  from 
Promega).  48  hours  post-transfection,  cells  were  lysed  in  IX  passive  lysis  buffer  and  subjected  to  dual- 
luciferase  assays  perfonned  in  triplicate  (Promega).  SF-lRE-luciferase  signal  intensity  was  divided  by  that 
of  the  control  Renilla,  and  data  are  presented  as  the  mean 
relative  luciferase  activity  ±  SEM  (Figure  8).  As  we 
hypothesized,  LCCTam  cells  do  exhibit  approximately  3-fold 
greater  SF-1RE  activity  as  compared  to  SUM44  cells  (p<0.001). 

B.  Expression  of  SF-lRE-regulated  endogenous  genes  in 
SUM44  and  TAM  cells. 

Rationale:  Heterologous  transcriptional  reporters,  such  as  the 
SF-lRE-luciferase  construct  used  above,  are  not  always 
representative  of  transcription  at  native  or  endogenous  SF-1  RE 
sites.  Therefore  we  re-analyzed  our  gene  expression  microarray 
data  showing  ERRy  overexpression  in  the  resistant  TAM  cells  to 
look  for  genes  that  a.)  contain  consensus  SF-1RE  and  b.)  have 
been  shown  to  be  connected  to  cholesterol,  bile  acid,  or  fatty 
acid  synthesis  in  the  literature. 


SUM44  LCCTam 


Figure  8:  SF-1  RE  transcriptional 
activity  is  3-fold  higher  in  LCCTam 
(TAM)  cells  (p<0.001). 


EtOH  DES 


Figure  7:  DES  does  not  reduce  TAM 
cell  cholesterol  content  (p=0.2). 
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Findings'.  We  identified  mitochondrial  3 -hydroxy-3 -me thylglutaryl-Coenzyme  A  synthase  2  (HMGCS2)  as 

being  significantly  upregulated  in  TAM  cells  vs. 
SUM44  cells.  Table  1  shows  the  fold-change  in 
expression  as  measured  both  by  microarray  and 
confirmatory  quantitative  PCR.  As  determined  by 
promoter  analysis  using  Genomatix  Matlnspector 
software  (7),  HMGCS2  contains  a  putative  SF-1RE 
sequence  in  its  upstream  regulatory  regions 
(sequence  atccCAAGgtaac  at  position  -3 14  to  -302 
bp).  Perhaps  more  importantly,  this  enzyme  produces  HMG-CoA.  HMG-CoA  is  an  essential  precursor  of 
the  cholesterol  synthetic  pathway,  which  is  synthesized  from  acetyl-CoA  and  subsequently  reduced  to 
mevalonate.  The  cytoplasmic  form  of  HMG-CoA  synthase  (HMGCS1)  is  thought  to  be  primarily 
responsible  for  cholesterol  synthesis,  and  the  hamster  HMGCS 1  gene  is  known  to  be  positively  regulated  by 
SF-1  (8).  However,  stable  transfection  of  HMGCS2  (the  mitochondrial  form)  in  cells  lacking  HMGCS  1 
rescues  production  of  cholesterol  and  promotes  mevalonate  independence,  suggesting  that  this  enzyme  can 
produce  cholesterol  precursors  directly  in  the  mitochondria  (9). 

Key  Research  Accomplishments 

>  Endocrine-resistant  LCCTam  (TAM)  cells,  which  overexpress  the  orphan  nuclear  receptor  ERRy, 
contain  significantly  greater  levels  of  cholesterol  than  endocrine-sensitive  parental  SUM44  breast 
cancer  cells. 

>  Neither  treatment  of  SUM44  cells  with  the  ERRy  agonist  DY-13 1,  nor  of  TAM  cells  with  the  ERRy 
antagonist  DES  has  any  effect  on  cholesterol  content  of  these  cell  lines. 

>  While  transient  overexpression  of  wild-type  ERRy  is  not  sufficient  to  stimulate  cholesterol  synthesis 
in  SUM44  cells,  siRNA-mediated  knockdown  of  ERRy  in  the  resistant  TAM  cell  line  does 
significantly  reduce  cholesterol  content. 

>  ERRy  is  known  to  activate  transcription  from  SF-lREs,  SF-1RE  activity  is  3-fold  higher  in  TAM 
cells  as  compared  to  SUM44  cells,  and  expression  of  an  endogenous  gene  (HMGCS2)  that  contains 
a  consensus  SF-1RE  and  has  been  shown  to  be  connected  to  cholesterol,  bile  acid,  or  fatty  acid 
synthesis  is  also  significantly  overexpressed  in  TAM  cells  relative  to  SUM44  cells. 

Reportable  Outcomes 

Abstracts : 

1 .)  “Does  the  orphan  nuclear  receptor  ERRy  link  cholesterol  synthesis  to  endocrine  resistance?” 

Rebecca  B.  Riggins,  Jennifer  P-J.  Lan,  Alan  Zwart,  and  Robert  Clarke,  Georgetown  University 
Poster  presentation  at  the  2007  Annual  Meeting  of  the  AACR,  April  14-18,  in  Los  Angeles,  CA 

Manuscripts'. 

1.)  “Pathways  to  Tamoxifen  resistance”* 

Rebecca  B.  Riggins,  Randy  S.  Schrecengost,  Michael  S.  Guerrero,  and  Amy  H.  Bouton 
Cancer  Letters  256  (2007),  pp.1-24. 

*This  manuscript  is  a  mini-review  that  summarizes  published  work  on  the  mechanisms  of  Tamoxifen 
resistance  independent  from  the  studies  funded  here,  but  was  written  during  the  granting  period  and  the 
DoD  is  acknowledged  as  a  source  of  funding. 

Funding  applied  for  based  on  this  award : 

1.)  “Estrogen  related  receptor  gamma:  a  novel  biomarker  of  endocrine  resistance  in  invasive  lobular  breast 
carcinoma.” 

Submitted  to  the  FY07  DoD  Breast  Cancer  Research  Program  Idea  Grant  mechanism. 


HUGO 

symbol 

Fold- 

change, 

Affymetrixa 

P 

value 

Fold- 

change, 

qPCRa 

P 

value 

HMGCS2 

9.58 

<0.001 

10.32 

0.04 

Table  1:  mRNA  expression  of  HMGCS2  in  TAM  vs. 
SUM44  cells. 

a  -  fold  change  for  TAM  vs.  SUM44. 
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2.)  “Regulation  of  ERRy  action  in  endocrine  resistant  breast  cancer  by  activation  of  the  Erk/MAPK 
signaling  pathway.” 

Will  be  submitted  to  the  Susan  G.  Komen  for  the  Cure  Foundation’s  2007  Career  Catalyst  Research  Grant 
mechanism,  November  2007. 

Employment : 

Following  my  receipt  of  this  award  from  the  Dod  BCRP,  I  applied  for  and  was  granted  a  Research-track 
faculty  position  in  the  Department  of  Oncology  and  Lombardi  Comprehensive  Cancer  Center  at 
Georgetown  University.  I  currently  hold  the  position  of  Research  Assistant  Professor. 

Conclusion 

There  are  three  major,  positive  findings  from  this  one-year  DoD  BCRP  Concept  award.  First, 
endocrine-resistant  LCCTam  (TAM)  cells,  which  overexpress  the  orphan  nuclear  receptor  ERRy,  contain 
significantly  greater  levels  of  cholesterol  than  endocrine-sensitive  parental  SUM44  breast  cancer  cells. 

Two,  siRNA-mediated  knockdown  of  ERRy  in  the  resistant  TAM  cell  line  does  significantly  reduce 
cholesterol  content.  And  three,  SF-1RE  activity  is  3-fold  higher  in  TAM  cells  as  compared  to  SUM44  cells, 
while  expression  of  an  endogenous  gene  (HMGCS2)  that  contains  a  consensus  SF-1RE  and  has  been  shown 
to  be  connected  to  cholesterol,  bile  acid,  or  fatty  acid  synthesis  is  also  significantly  overexpressed  in  TAM 
cells  relative  to  SUM44  cells. 

Despite  the  fact  that  funding  for  this  award  is  complete,  we  will  continue  to  actively  pursue  this 
research  and  make  several  modifications  or  additions  that  will  complement  our  current  findings.  We 
experienced  difficulty  producing  stable  transfectants  of  HA-ERRy  in  SUM44  breast  cancer  cells.  Therefore 
our  next  step  will  be  to  attempt  to  produce  this  cell  line  again,  but  instead  we  will  use  an  adenoviral  or 
retroviral  expression  vector  that  expresses  this  cDNA.  Infection  rather  than  transfection  is  a  more  rapid  and 
efficient  method  of  gene  expression,  so  we  are  hopeful  that  this  will  be  more  successful. 

The  SUM44/LCCTam  cell  culture  model  was  derived  from  an  invasive  lobular  breast  carcinoma,  a 
distinct  histologic  subtype  of  breast  cancer  that  is  under-studied  despite  its  rising  incidence  in  Western 
Europe  and  the  United  States  (TO).  Therefore,  our  data  showing  that  cholesterol  content  is  elevated  in  an 
endocrine-resistant  variant  of  this  type  of  breast  cancer  provides  a  solid  foundation  on  which  to  build  future 
studies  of  resistance  that  will  specifically  address  risk  factors  in  lobular  breast  cancer.  The  function  of  the 
orphan  NR  ERRy  is  also  poorly  understood  in  breast  cancer,  although  it  has  been  shown  to  be  overexpressed 
in  this  context  (11),  and  its  family  member  ERRal  has  received  greater  attention  (12).  Therefore,  future 
studies  on  the  role  of  ERRy  in  breast  cancer  initiation,  progression,  and  therapeutic  response  are  clearly 
warranted.  Finally,  the  relevant  targets  of  SF-lRE-mediated  gene  transcription  in  breast  cancer,  and  the 
importance  of  HMGCS2  in  this  context,  are  also  not  known.  However  it  is  interesting  to  note  that  in  a 
search  of  the  ONCOMINE  database  of  42  published  gene  expression  microarray  datasets  of  breast  cancer 
tissue  (13),  SF-1  (HUGO  symbol  NR5A1)  and  HMGCS2  expression  are  both  significantly  associated  with 
estrogen  receptor  alpha-positive  status  (original  microarray  data  from  14-17),  and  HMGCS2  is  also 
significantly  overexpressed  in  lobular  vs.  ductal  breast  carcinomas  (http://www.intqen.orq/expo.cfm  ). 

Together,  the  knowledge  gained  during  this  research  represents  an  important  enhancement  in  our  knowledge 
of  breast  cancer  biology  and  potential  therapeutic  response. 
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Estrogen  receptors  alpha  and  beta  (ERa,  ER(3)  play  a  central  role  in  the  etiology  of  breast  cancer  and 
drive  our  approach  to  therapeutic  intervention.  While  these  and  many  other  nuclear  receptors  (NRs)  are 
responsive  to  specific  ligands,  there  are  orphan  NRs  for  which  no  ligand  has  yet  been  identified.  The 
function  of  these  receptors  in  breast  cancer  biology  is  often  poorly  understood.  Estrogen-related 
receptor  gamma  (ERRy)  is  one  orphan  NR  with  structural  similarities  to  ERa  and  ER(3.  In  addition  to  its 
ability  to  transactivate  classical  and  imperfect  estrogen  response  elements  (EREs),  ERRy  is  a  potent 
activator  of  transcription  from  steroidogenic  factor-1  (SF-1)  response  elements  (SF-IREs).  Many  genes 
regulated  by  SF-1  REs  control  key  aspects  of  cholesterol  and  fatty  acid  synthesis,  important  not  only  for 
generation  of  the  plasma  membrane  but  also  for  the  synthesis  of  steroid  hormones.  Consequently, 
upregulation  of  ERRy  may  increase  the  cholesterol  production  capacity  of  breast  cancer  cells  poised  to 
proliferate  in  response  to  estrogen.  This  has  the  potential  to  promote  the  development  of  hormone- 
refractory  breast  cancer,  and  is  also  likely  to  attenuate  the  therapeutic  effectiveness  of  antiestrogens 
designed  to  inhibit  ER  function.  We  have  found  that  ERRy  is  upregulated  4-fold  (p=0.015)  in  LCCTam 
cells,  a  multi-antiestrogen  resistant  variant  of  the  ER-positive  SUM44  breast  cancer  cell  line,  a  model  of 
invasive  lobular  carcinoma.  ERRy  overexpression  is  accompanied  by  a  significant  increase  in  basal  and 
estrogen-stimulated  ERE  transcriptional  activity,  and  siRNA-mediated  knockdown  of  ERRy  in  LCCTam 
cells  completely  restores  sensitivity  to  both  4-hydroxytamoxifen  and  Fulvestrant  (p=0.03).  Furthermore, 
LCCTam  cells  produce  greater  levels  of  cholesterol  than  SUM44,  and  we  have  found  that  the  expression 
of  three  genes  with  established  connections  to  cholesterol  and  steroid  hormone  synthesis  is  significantly 
increased  in  LCCTam:  HMG-CoA  synthase  2  (HMGCS2,  9.6-fold),  GATA  binding  protein  4  (GATA4,  4.4- 
fold),  and  sterol  regulatory  element  binding  transcription  factor  1  (SREBF1,  1.8-fold).  Together  these 
data  suggest  that  ERRy  may  affect  endocrine  resistance  in  the  LCCTam  breast  cancer  model  by 
regulating  cholesterol  production. 
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Abstract 

Therapies  that  target  the  synthesis  of  estrogen  or  the  function  of  estrogen  receptor(s)  have  been  developed  to  treat 
breast  cancer.  While  these  approaches  have  proven  to  be  beneficial  to  a  large  number  of  patients,  both  de  novo  and 
acquired  resistance  to  these  drugs  is  a  significant  problem.  Recent  advances  in  our  understanding  of  the  molecular  mech¬ 
anisms  that  contribute  to  resistance  have  provided  a  means  to  begin  to  predict  patient  responses  to  these  drugs  and  develop 
rational  approaches  for  combining  therapeutic  agents  to  circumvent  or  desensitize  the  resistant  phenotype.  Here,  we  review 
common  mechanisms  of  antiestrogen  resistance  and  discuss  the  implications  for  prediction  of  response  and  design  of  effec¬ 
tive  combinatorial  treatments. 

©  2007  Elsevier  Ireland  Ltd.  All  rights  reserved. 

Keywords:  Tamoxifen;  Antiestrogen;  Aromatase  inhibitor;  Fulvestrant;  Estrogen  receptor 


1.  Endocrine  therapies  for  breast  cancer 

Estrogen  and  the  steroid  estrogen  receptors  (ERs) 
are  critical  regulators  of  breast  epithelial  cell  prolifer¬ 
ation,  differentiation,  and  apoptosis.  Mammals 
express  two  ERs,  ERa  and  ERp,  which  show  distinct 
tissue  distributions  and  functions  (for  review,  see  [1  ]). 
Mice  with  targeted  deletions  of  one  or  both  ER  genes 
have  established  that  ERa  is  the  key  regulator  of 
mammary  gland  development.  ERa  is  expressed  in 
1 5-30%  of  the  luminal  epithelial  cells  present  in  nor¬ 
mal  breast  tissue;  estrogen  stimulation  of  these  cell 
results  in  transcription  of  various  genes,  including 
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many  that  are  involved  in  cell  cycle  regulation  (for 
review,  see  [2]).  However,  estrogen-dependent  prolif¬ 
eration  of  breast  epithelial  cells  is  thought  to  occur  in 
a  paracrine  fashion,  such  that  ERot-containing  cells 
produce  growth  factors  that  induce  proliferation  in 
adjacent  ER-negative  cells.  In  malignant  breast  tis¬ 
sue,  the  action  of  estrogen  is  deregulated,  resulting 
in  a  shift  to  proliferation  without  differentiation  or 
apoptosis.  The  percentage  of  epithelial  cells  express¬ 
ing  E R 7  is  significantly  increased  under  these  condi¬ 
tions.  Moreover,  these  cells  now  proliferate, 
marking  a  shift  from  paracrine  to  autocrine  growth. 

ERp  is  more  ubiquitously  expressed  throughout 
mammary  tissue  than  is  ERa  [3].  ERp  is  often  found 
co-expressed  with  ERa  in  the  luminal  epithelial  cells 
but  has  also  been  detected  in  myoepithelial  cell  and 
surrounding  stromal  cell  nuclei.  While  its  specific 
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function(s)  in  normal  and  neoplastic  tissues  remain 
unknown,  ERp  is  essential  for  the  fully  differenti¬ 
ated  phenotype  of  the  normal  mammary  gland  in 
mice  [4],  In  ERp" /  *  mice,  the  mammary  gland 
develops  normally  until  puberty.  However,  several 
abnormalities  are  apparent  during  pregnancy  and 
lactation,  including  incomplete  penetration  of  the 
fat  pad  by  glandular  tissue,  an  abnormally  large 
increase  in  the  size  of  the  lumen  of  ducts  and  alveoli, 
and  a  decrease  in  the  total  number  of  alveoli.  Also, 
in  luminal  epithelial  cells  of  these  mice,  the  loss  of 
ERp  disrupts  the  formation  of  tight  junctions  and 
alters  the  expression  of  P-catenin,  features  often 
associated  with  a  malignant  phenotype.  It  has  been 
suggested  that  the  function  of  ERp  in  these  pro¬ 
cesses  may  contribute  to  the  protection  conferred 
by  pregnancy  and  lactation  against  breast  cancer. 

Several  reports  describe  a  loss  of  ERp  during  car¬ 
cinogenesis  (for  review  see  [5,6]),  providing  support 
for  its  possible  role  as  a  tumor  suppressor.  Indeed, 
ERp  has  been  reported  to  suppress  the  function  of 
ERa  as  a  transcriptional  activator  when  both  recep¬ 
tors  are  co-expressed  [5,7]  and  to  promote  anti-prolif¬ 
erative  and  pro-apoptotic  effects  [8].  Several  genes 
have  been  identified  that  are  regulated  by  ERp  but 
not  ERa;  studies  are  underway  to  determine  whether 
these  genes  may  have  anti-proliferative  or  pro-apop¬ 
totic  properties  that  could  account  for  the  putative 
tumor  suppressor  function  of  ERp  [5,9,10]. 

A  majority  of  invasive  breast  tumors  express  ERa, 
and  as  discussed  above,  ERp  is  often  downregulated. 
These  findings  provide  a  strong  rationale  for  thera¬ 
pies  that  disrupt  the  actions  of  estrogen  and  ERa. 
Current  approaches  include  inhibiting  the  function 
of  ERs  with  the  use  of  antiestrogens  such  as  tamoxi¬ 
fen,  raloxifene,  and  ICI  182,780  (faslodex,  fulve- 
strant),  or  blocking  the  conversion  of  androgens 
into  biologically  active  estrogens  through  the  action 
of  aromatase  inhibitors  such  as  letrozole,  anastroz- 
ole,  and  exemestane  (see  Section  1.1).  Recent  studies 
on  ERp  have  also  highlighted  its  growing  value  as  a 
diagnostic  and  prognostic  marker  in  breast  cancer 
and  its  potential  for  use  as  a  new  strategy  for  delaying 
and  retarding  breast  tumorigenesis  (see  Section 
1.1.1). 

1.1.  Classes  of  therapeutic  agents 

1.1.1.  Selective  estrogen  receptor  modulators 
(SERMs) 

SERMs  have  been  developed  as  agents  that  func¬ 
tion  as  ER  antagonists  in  some  tissues,  including 


breast,  and  agonists  in  other  tissues  such  as  the 
heart  and  bone  (for  review,  see  [11]).  The  antagonist 
effects  of  tamoxifen  in  breast  tissue  are  thought  to 
result  from  its  ability  to  bind  to  the  ligand-binding 
domain  (LBD)  of  the  ER,  effectively  blocking  the 
potential  for  estrogen  stimulation.  Tamoxifen  bind¬ 
ing  further  prevents  critical  ER  conformational 
changes  that  are  required  for  the  association  of 
coactivators.  However,  tamoxifen  treatment  is  asso¬ 
ciated  with  an  increased  risk  of  endometrial  cancer 
[12],  Other  SERMs,  such  as  raloxifene,  have  been 
developed  with  the  goal  of  reducing  some  of  the  del¬ 
eterious  effects  of  tamoxifen. 

New  classes  of  SERMs  are  being  developed  that 
exhibit  mixed  agonist/antagonist  activities  that  are 
subtype  specific  (“dual  SERMs”)  or  preferentially 
affect  one  ER  over  the  other  (“subtype-selective 
SERMs”)  (reviewed  in  [13]).  However,  it  is  impor¬ 
tant  to  note  that  selectivity  is  often  assessed  in  the 
context  of  binding  affinity  relative  to  17p-estradiol. 
Therefore,  a  “selective”  compound  may  actually 
interact  with  both  receptors  but  have  a  higher  affin¬ 
ity  for  one  versus  the  other.  The  relative  binding 
affinities  of  several  agents  have  been  determined  in 
HeLa  cells  engineered  to  express  ERa  or  ERp  [14], 
Propyl  pyrazole  triol  (PPT)  was  shown  to  be  a 
selective  agonist  for  ERa  in  this  system,  while  the 
synthetic  ligands  diarylpropionitrile  (DPN)  and 
8P-VE2,  and  the  natural  products  genistein  and 
biochanin  A,  were  preferential  agonists  of  ERp.  In 
contrast,  the  antiprogestin  RU486  was  shown  to 
be  a  strong  ERp  antagonist  with  only  modest  agonist 
activity  toward  ERa.  DPN  has  been  shown  to  inhibit 
proliferation  and  induce  apoptosis  in  the  HC 1 1 
mouse  mammary  cell  line  but  this  compound  has 
not  been  widely  studied  in  human  breast  cancer  cell 
lines  [8],  It  has  also  been  reported  that  a  modified 
androstenediol  is  a  potent  activator  of  ERp  by 
ligand -binding  assay,  but  its  biological  activity  in 
breast  cancer  cells  requires  further  investigation  [15]. 

Dual  SERM  compounds  that  inhibit  ERa  while 
activating  ERp  are  particularly  attractive,  as  ERp 
often  performs  growth-inhibitory  functions  in 
breast  tissues  and  cell  lines  (see  above,  Section  1). 
An  example  of  this  type  of  SERM  is  TAS-108,  a 
novel,  steroidal  antiestrogen  that  inhibits  ERa  while 
acting  as  a  partial  agonist  of  ERp  ([16]  and  refer¬ 
ences  therein).  In  vitro ,  TAS-108  effectively  inhibits 
the  growth  of  tamoxifen-resistant  breast  cancer 
cells,  and  Phase  I  studies  have  established  that  this 
agent  is  not  only  well-tolerated  but  appears  to 
induce  stable  disease  in  women  with  advanced 
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breast  cancer.  Where  and  how  this  particular 
SERM  will  be  used  in  the  clinic,  particularly  in 
sequence  with  the  other  classes  of  therapeutic  agents 
described  below,  has  yet  to  be  determined.  How¬ 
ever,  this  and  future  compounds  that  have  similar 
profiles  will  be  important  additions  to  the  current 
repertoire  of  endocrine  therapies. 

1.1.2.  Selective  estrogen  receptor  downregulators 
(SERDs) 

The  pure  ER  antagonist  ICI  182,780  (hereafter 
called  fulvestrant)  binds  to  ERa  with  100-fold  greater 
affinity  than  does  tamoxifen  and  in  so  doing,  inhibits 
receptor  dimerization  and  abrogates  estrogen  signal¬ 
ing  [17],  Both  laboratory  and  clinical  studies  have 
shown  a  decrease  in  overall  ER  protein  levels  in 
response  to  fulvestrant  treatment  (discussed  in  [18]). 
Importantly,  a  majority  of  ERa-expressing  tamoxi¬ 
fen-resistant  breast  cancers  remain  sensitive  to  fulve¬ 
strant  treatment.  This  has  led  to  its  approval  in  the 
United  States  for  use  in  treating  ER-positive  patients 
following  failure  to  respond  to  first-line  antiestrogen 
therapy. 

1.1.3.  Aromatase  inhibitors  (AIs) 

Aromatase  inhibitors  (AIs)  represent  a  new  class 
of  endocrine  therapy  drugs  that  inhibit  the  action  of 
aromatase,  an  enzyme  necessary  for  the  conversion 
of  androgens  to  estrogens  (for  review,  see  [19]). 
Clinically,  AIs  have  had  success  as  a  second  line 
of  therapy  for  post-menopausal  patients  who  have 
progressed  after  tamoxifen  treatment.  They  also 
show  promise  as  first-line  adjuvant  treatment  for 
ERa-positive  breast  cancers. 

1.2.  Resistance  to  endocrine  therapies 

While  considerable  progress  has  been  made  in 
developing  strategies  to  target  estrogen  and  ERs  in 
breast  cancer,  approximately  30%  of  ERa-positive 
breast  cancers  do  not  respond  to  tamoxifen  treat¬ 
ment  (de  novo  resistance).  In  addition,  the  majority 
of  tumors  that  initially  respond  to  treatment 
develop  resistance  over  time  (acquired  resistance), 
despite  continued  expression  of  ERa  (reviewed  in 
[11,20]).  Interestingly,  many  of  these  resistant 
tumors  still  respond  to  fulvestrant  and  AIs,  indicat¬ 
ing  that  estrogen  remains  an  important  regulator  of 
tumor  growth  under  these  circumstances  [1 1].  These 
data  provide  support  for  the  idea  that  endocrine- 
targeted  therapies  can  lead  to  the  activation  of  novel 
signaling  pathways  that  circumvent  the  effects  of 


antiestrogens  [21].  De  novo  and  acquired  resistance 
to  AIs  have  also  been  reported.  The  appearance 
and  development  of  resistant  tumors  are  therefore 
major  obstacles  in  the  struggle  to  control  the  growth 
and  metastasis  of  breast  carcinomas. 

1.3.  Biological  effects  of  endocrine  therapies 

Homeostasis  of  non-cancerous  cells  requires  a 
balance  between  proliferation,  cell  cycle  arrest, 
and  apoptosis;  this  equilibrium  is  disrupted  during 
cancer  progression.  Endocrine  therapies  induce  cell 
cycle  arrest  and  apoptosis  through  a  reduction  in 
expression  of  cell  cycle  regulators  such  as  c-Myc 
and  cyclin  Dl,  accumulation  of  hypophosphorylat- 
ed  Rb,  induction  of  the  cell  cycle  inhibitors 
p2  j waf l/cipi  and  p27K,pl,  induction  of  the  putative 
tumor  suppressor  interferon  regulatory  factor- 1 
(1RF-1),  and  inhibition  of  pro-survival  pathways 
through  decreased  Bcl-2  expression  and  increased 
Bax  expression  ([22-25];  for  review,  see  [20,26]). 
Breast  tumor  cells  that  are  resistant  to  the  growth- 
inhibitory  and  apoptotic  effects  of  antiestrogens 
such  as  tamoxifen  overcome  these  influences 
through  a  variety  of  mechanisms  that  are  the  focus 
of  this  review. 

2.  Molecular  mechanisms  of  antiestrogen  resistance 

Emerging  data  from  breast  tumor  biopsies  indi¬ 
cate  that  altered  expression  and/or  modification  of 
several  growth  factor  receptors  and  downstream  sig¬ 
naling  molecules  correlate  with  tamoxifen  resistance 
(Fig.  1).  Epidermal  growth  factor  receptor  (EGFR), 
human  epidermal  growth  factor  receptor  type  2 
(HER2),  and  insulin-like  growth  factor- 1  receptor 
(IGF-1R)  signaling  pathways  are  often  elevated  in 
non-responsive  tumors  that  exhibit  either  de  novo  or 
acquired  resistance  [27-30],  as  is  the  activity  of 
kinases  that  function  downstream  of  these  receptors 
such  as  extracellular-regulated  kinase  (ERK)  1/2, 
p38,  AKT,  and  p21-activated  kinase-1  (Pakl)  [30- 
32].  Expression  and/or  phosphorylation  of  substrates 
of  these  receptor  and  non-receptor  kinases  are  also 
elevated  in  tumors  resistant  to  tamoxifen;  such  mole¬ 
cules  include  the  cytoplasmic  adapter  molecule 
“breast  cancer  antiestrogen  resistance  1”  (BCAR1; 
also  known  as  pl30Cas;  hereafter  called  Cas),  the 
coactivator  “amplified  in  breast  cancer  1”  (AIB1), 
and  ERa  itself  [28,33-35].  Finally,  dysregulated 
expression  of  molecules  involved  in  cell  survival,  such 
as  c-Myc,  Bad,  and  Bcl-2,  can  also  be  predictive  of  a 
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Fig.  1.  Molecular  mechanisms  of  tamoxifen  resistance.  Model  depicting  molecules  implicated  in  antiestrogen  resistance  and  discussed  in 
this  review. 


poor  response  to  endocrine  therapies  such  as  tamox¬ 
ifen  [36-39].  Clinical  data  addressing  the  correlation 
between  some  of  these  markers  and  antiestrogen 
resistance  are  presented  in  greater  detain  in  Section 

4.1.  While  these  studies  are  limited  in  both  scope 
and  number,  however,  the  association  between 
expression/activation  of  these  molecules  and  resis¬ 
tance  to  endocrine  therapies  has  been  corroborated 
(and  in  fact  extended)  in  tissue  culture  and  animal 
models.  These  data  are  reviewed  below. 

2.1.  ERa,  ER/1,  and  receptor  co-regulatory  proteins 

Expression  of  ERot  has  long  been  considered  the 
primary  determinant  of  a  clinical  response  to  endo¬ 


crine  or  antiestrogen  therapy.  However  in  1996,  the 
concept  of  estrogen  signaling  and  ER  function  in 
breast  cancer  was  significantly  altered  by  the  discov¬ 
ery  of  ERp  [40].  The  DNA  binding  domain  of  full- 
length  ERp  1  shares  96%  identity  with  that  of  ERot, 
and  although  the  affinity  of  this  receptor  for  estro¬ 
gen  is  similar  to  that  of  ERot,  the  response  to  antag¬ 
onists  like  tamoxifen  and  fulvestrant  is  often 
different.  Both  receptors  can  modulate  transcrip¬ 
tion,  either  directly  from  estrogen  response  elements 
(EREs),  or  indirectly  through  tethering  to  AP-1  and 
Spl  binding  sites  (reviewed  in  [41]).  However, 
although  ERot  perceives  tamoxifen  and  fulvestrant 
as  antagonists,  it  has  been  shown  that  ERp  can  uti¬ 
lize  these  compounds  as  agonists  when  associated 


R.B.  Riggins  et  al.  /  Cancer  Letters  256  (2007)  1-24 


5 


with  AP-1  and  Spl  sites  [42,43].  Additionally,  two 
naturally  occurring  variants,  ER[32/ERPcx  and 
ERp5,  contain  carboxy-terminal  deletions  that  pre¬ 
vent  their  binding  to  ligand,  and  it  has  been  sug¬ 
gested  that  these  receptors  may  function  as 
dominant-inhibitory  mutants  of  full-length  ERpl. 
Murphy  et  al.  have  recently  reviewed  the  evidence 
for  a  role  for  ERpi  and  its  variants  in  breast  cancer 
diagnosis  and  prediction  of  endocrine  therapy 
response  [6]. 

The  transcriptional  activities  of  ERoi,  ERp,  and 
other  steroid  hormone  receptors  are  modulated  by 
coregulatory  proteins  in  either  a  positive  or  negative 
fashion.  The  association  of  coactivators  and  core¬ 
pressors  with  estrogen  receptors  is  regulated  by  con¬ 
formational  changes  induced  by  ligand  binding, 
with  estrogen  inducing  coactivator  recruitment 
and  antiestrogens  leading  to  association  with  core¬ 
pressors.  Several  excellent  reviews  have  recently 
detailed  the  expression,  function,  and  clinical  rele¬ 
vance  of  these  coregulators  in  breast  cancer  and 
endocrine  resistance  [44M7]. 

2.1.1.  ERx  expression  and  downregulation 

In  human  breast  tumors,  the  vast  majority  of 
ERa-negative  tumors  exhibit  de  novo  or  intrinsic 
resistance  to  tamoxifen  and  other  antiestrogens; 
however,  small  numbers  of  ERa-negative  but  pro¬ 
gesterone  receptor-positive  (PR-positive)  tumors 
respond  to  antiestrogen  treatment  (reviewed  in 
[48]).  One  possible  explanation  for  this  finding  is 
that  PR-positive  tumors  retain  a  functional  ERa 
signaling  pathway,  particularly  since  expression  of 
PR  is  an  estrogen-regulated  event,  and  that  ERa  is 
present  in  these  tumors  at  levels  that  are  below  the 
limit  of  detection  for  ligand-binding  or  immunohis- 
tochemical  assays.  The  importance  of  PR  as  a  mar¬ 
ker  of  antiestrogen  response  is  substantiated  by 
studies  showing  that  70%  of  ERa-positive/PR-posi- 
tive  tumors  effectively  respond  to  tamoxifen,  while 
only  34%  of  ERa-positive/PR-negative  patients 
respond  to  tamoxifen  therapy  [49], 

In  the  context  of  de  novo  antiestrogen  resistance 
displayed  by  ERa-negative  breast  cancer  cells,  sev¬ 
eral  studies  suggest  that  it  may  be  possible  to  restore 
tamoxifen  sensitivity  through  re-expression  of  ERa. 
Epigenetic  silencing  of  the  ER  due  to  hypermethyla- 
tion  of  the  promoter  region  has  been  reported  both 
in  vitro  and  in  vivo  [50,51].  For  example,  ERa 
expression  can  be  restored  in  the  ERa-negative 
MDA-MB-23 1  breast  cancer  cell  line  by  either  treat¬ 
ment  with  the  demethylating  agent  5-aza-2'-deoxy- 


cytidine  or  the  histone  deacetylase  inhibitor 
trichostatin  A  [52].  Importantly,  when  endogenous 
ERa  expression  was  restored  in  this  way,  MDA- 
MB-23 1  cells  became  sensitive  to  growth  inhibition 
by  tamoxifen.  Based  on  data  such  as  these,  it  has 
been  suggested  that  restoration  of  ERa  expression 
may  be  a  viable  option  for  the  treatment  of  some 
ER-negative  breast  cancers  (discussed  in  [53]).  How¬ 
ever,  a  separate  study  showed  that  ectopic  expres¬ 
sion  of  ERa  in  MDA-MB-23 1  cells  was  not 
sufficient  to  render  the  cells  sensitive  to  tamoxifen 
[54].  This  suggests  that  the  level  and  cellular  context 
of  ERa  expression  will  be  important  factors  to  con¬ 
sider  when  attempting  to  modulate  ERa  levels  in 
“ER-negative”  tumors. 

Although  downregulation  of  ERa  expression  can 
contribute  to  de  novo  antiestrogen  resistance,  loss  of 
the  receptor  during  the  acquisition  of  tamoxifen 
resistance  is  not  commonly  observed  in  vivo 
([55,56];  reviewed  in  [57]).  However,  loss  of  ERa 
has  been  reported  in  a  few  models  of  acquired  anti¬ 
estrogen  resistance.  For  example,  the  ZR-75-derived 
9a  1  cell  line  becomes  ERa-negative  in  the  presence 
of  tamoxifen  but  reverts  to  being  ERa-positive 
when  tamoxifen  is  removed  and  estrogen  is  reintro¬ 
duced  [58], 

Like  tamoxifen,  fulvestrant  inhibits  ERa  tran¬ 
scriptional  activity.  In  addition,  fulvestrant  has  also 
been  shown  to  accelerate  ERa  protein  degradation 
via  the  ubiquitin-proteasome  pathway,  leading  to 
its  reclassification  as  a  SERD  (see  above).  Loss  or 
downregulation  of  ERa  has  the  potential  be  a  viable 
mechanism  for  antiestrogen  resistance  in  the  context 
of  acquired  resistance  to  fulvestrant  or  other 
SERDs,  but  current  evidence  to  this  effect  is  contra¬ 
dictory.  ERa  protein  is  completely  lacking  and  only 
minimal  mRNA  is  detectable  in  several  fulvestrant- 
resistant  cell  lines,  including  MCF-7-r,  T47D-r,  and 
ZR-75-r  cells  [59].  MCF-7-F  resistant  cells  show  a 
90%  decrease  in  both  ERa  mRNA  and  protein, 
accompanied  by  significant  changes  in  estrogen- 
induced  expression  of  ER  target  genes  [60].  In  con¬ 
trast,  the  MCF-7/182r-1,  -6,  and  -7  models  of  fulve¬ 
strant  resistance  maintain  ERa  expression  and 
function,  although  its  expression  at  the  protein  level 
is  reduced  by  one-third  as  compared  to  the  parental 
cell  line  [61,62],  MCF-7/LCC9  breast  cancer  cells, 
which  display  acquired  resistance  to  fulvestrant 
and  cross-resistance  to  tamoxifen,  show  no  down- 
regulation  of  ERa  [63].  This  cell  line  was  originally 
derived  from  the  estrogen-independent  MCF-7/ 
LCC1  cell  line  [64];  interestingly  both  MCF-7/ 
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LCC1  and  MCF-7/LCC9  cells  express  higher  levels 
of  ERa  mRNA  and  protein  than  the  parental  MCF- 
7  cell  line  [65],  MCF-7/LCC9  cells  have  also  been 
shown  to  contain  increased  basal  ERa  transcrip¬ 
tional  activity  that  is  not  inhibited  by  fulvestrant 
[66].  Factors  that  drive  the  differential  expression 
and  activity  of  ERa  among  these  cell  culture  models 
of  fulvestrant  resistance  are  not  known,  but  one 
likely  explanation  for  these  disparities  may  be  the 
distinct  schemes  of  drug  selection  that  have  been 
used  to  generate  resistant  cells  in  vitro.  Clinical  stud¬ 
ies  confirm  that  fulvestrant  can  reduce  ERa  levels 
following  either  short-  (21  days)  or  long-  (6  months) 
term  treatments,  but  that  expression  is  not  com¬ 
pletely  eliminated  (reviewed  in  [67]).  Interestingly, 
patients  who  do  not  show  a  clinical  response  to  ful¬ 
vestrant  treatment  also  do  not  show  a  decrease  in 
ERa  expression. 

2.1.2.  ERa  mutation 

Mutation  of  the  ER  may  also  impact  endocrine 
therapy  responsiveness.  For  example,  one  tamoxi¬ 
fen-resistant  variant  of  the  ERa-positive  T47D  cell 
line,  T47DCo,  has  acquired  three  ERa  deletion 
mutations  that  affect  the  hormone-  and  DNA- 
binding  domains  of  the  receptor  [68].  This  cell  line 
also  expresses  different  levels  of  PR  [69],  suggest¬ 
ing  that  these  variants  are  functionally  distinct 
from  the  wild  type  receptor.  These  and  many 
other  deletions,  exon  duplications  or  insertions, 
point  mutations,  and  alternative  splicing  events 
have  the  potential  to  regulate  ERa  function  in 
breast  and  other  tissues.  Herynk  and  Fuqua  have 
recently  published  a  review  of  known  ER  muta¬ 
tions  and  their  connection  to  human  disease,  sev¬ 
eral  of  which  are  linked  to  tamoxifen  response 
and  resistance  [70].  For  example,  duplication  of 
exons  6  and  7  in  an  estrogen-independent  variant 
of  the  MCF-7  cell  line  leads  to  the  production  of 
an  ER  that  can  no  longer  bind  to  estrogen  or 
tamoxifen  [71].  Short  insertions  in  exon  6  have 
also  been  identified  in  tamoxifen-resistant  tumors 
[72],  A  tyrosine-to-asparagine  substitution  at  resi¬ 
due  537  (Y537N),  originally  identified  in  meta¬ 
static  breast  cancer,  confers  constitutive 
transcriptional  activity  in  vitro  and  renders  the 
ER  insensitive  to  both  estrogen  and  tamoxifen, 
while  mutation  of  this  tyrosine  to  either  serine 
or  alanine  results  in  a  constitutively  active  recep¬ 
tor  whose  activity  is  still  inhibited  by  tamoxifen 
and  fulvestrant  [73].  In  contrast,  a  lysine-to-argi- 
nine  substitution  at  residue  303  (K303R)  that 


was  first  identified  in  breast  hyperplasia  and  a 
number  of  breast  tumors  results  in  a  receptor  that 
is  hypersensitive  to  substantially  lower  concentra¬ 
tions  of  estrogen  than  normal  (10-12  vs.  10_9M) 

[74] ,  The  prevalence  of  this  mutation  in  patient 
populations  is  unclear,  as  more  recent  studies  have 
not  found  ERa  K303R  in  other  patient  groups 

[75] ,  The  difficulty  in  identifying  functional  ERa 
mutations  in  vivo  that  affect  tamoxifen  therapy 
response  may  stem  from  the  fact  that  such  muta¬ 
tions  are  relatively  rare,  estimated  to  be  present  in 
only  1%  of  breast  tumors  [51], 

2.2.  Growth  factor  receptors 

As  discussed  above,  tumors  resistant  to  tamoxi¬ 
fen  often  show  high  expression  and/or  activation 
of  EGFR,  its  close  relative  HER2,  IGF-R1,  and 
proteins  that  function  downstream  of  these  recep¬ 
tors  such  as  ERK1/2,  and  AKT  (for  review,  see 
[28,76-78]).  In  vitro  data  corroborate  a  role  for  these 
growth  factor  receptors  in  mediating  antiestrogen 
resistance,  both  through  crosstalk  with  the  ER 
and  through  independent  pathways. 

2.2.1.  EGFR  and  HER2 

Several  studies  have  established  that  overexpres¬ 
sion  of  EGFR  or  HER2  in  ER-positive,  antiestro¬ 
gen-sensitive,  breast  cancer  cells  can  confer 
resistance  to  these  drugs  [79-81].  Both  ERK1/2 
and  AKT  activity  appear  to  contribute  to  the  resis¬ 
tant  phenotype  under  these  conditions.  Other 
groups  have  isolated  antiestrogen-resistant  cell  lines 
following  long-term  treatment  of  ER-positive  breast 
cancer  cells  with  either  tamoxifen  or  fulvestrant.  In 
these  studies,  acquisition  of  resistance  often  coin¬ 
cides  with  overexpression  of  the  EGFR  and  activa¬ 
tion  of  downstream  molecules  such  as  ERK1/2, 
PI3K,  and  AKT  [59,63,82,83].  Expression  of  one 
of  the  ligands  for  EGFR,  transforming  growth  fac¬ 
tor  a  (TGFa),  is  elevated  in  one  of  these  cell  models, 
resulting  in  an  autocrine  loop  that  is  required  for 
maintenance  of  the  resistant  phenotype  [84].  Unlike 
the  parental  cells,  which  are  relatively  impervious  to 
EGFR  signaling  pathways,  the  resistant  clones  are 
highly  dependent  on  these  pathways  for  growth 
and  survival. 

While  the  mechanism(s)  by  which  these  receptors 
promote  antiestrogen  resistance  are  not  clear,  sev¬ 
eral  lines  of  evidence  suggest  that  they  may  function 
to  provide  survival  signals  that  override  apoptotic 
programs  in  the  cell.  First,  when  EGFR  functions 
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are  blocked  by  either  the  tyrosine  kinase  inhibitor 
Iressa  or  blocking  antibodies,  apoptosis  is  induced 
[85-88].  Second,  the  expression  and/or  activity  of 
several  anti-apoptotic  molecules  such  as  AKT, 
Bcl-2  and  Bcl-xL  are  upregulated  under  conditions 
of  HER2  overexpression  in  MCF-7  cells  [89,90]. 
However,  events  considered  in  other  contexts  to  be 
generally  pro-apoptotic  are  also  associated  with 
overexpression  of  EGFR  or  HER2  in  human 
tumors.  For  example,  elevated  levels  of  phospho- 
p38  have  been  reported  in  HER2-expressing  tumors 
as  well  as  in  tamoxifen-resistant  xenografts  [29,30]. 
While  its  role  in  regulating  apoptosis  under  these 
conditions  is  not  clear,  activated  p38  may  promote 
resistance  to  tamoxifen  through  its  ability  to 
enhance  the  nuclear  functions  of  ER  [91].  Finally, 
recent  data  from  our  group  indicate  that  the  EGFR 
may  work  together  with  the  non-receptor  protein 
tyrosine  kinase  c-Src  and  the  adapter  molecule 
Cas  to  promote  survival  [92]. 

In  addition  to  the  direct  effect  of  activated 
growth  factor  receptors  on  cell  proliferation  and 
survival,  crosstalk  between  these  receptors  and  ER 
plays  a  significant  role  in  regulating  the  cellular 
response  to  antiestrogens.  Signaling  through  EGFR 
and  HER2  can  result  in  downregulation  of  ERa 
expression  in  cultured  cells  [93],  This  inverse  rela¬ 
tionship  has  been  corroborated  in  a  recent  clinical 
study  by  the  Southwest  Oncology  Group  [27].  Not 
only  does  growth  factor  signaling  affect  ER  levels, 
but  it  can  also  strongly  impact  ER  nuclear  func¬ 
tions,  at  least  in  part  through  promoting  phosphor¬ 
ylation  of  the  ER,  its  coactivators,  and/or  its 
corepressors  (for  review,  see  [94]). 

Conversely,  ERa  appears  to  regulate  growth 
factor  receptor  activities  through  rapid,  non-geno- 
mic  functions.  This  may  be  augmented  by  an 
accumulation  of  cytoplasmic  ERa  at  the  expense 
of  nuclear  ERot  under  conditions  of  high  HER2 
expression  [95],  Interestingly,  it  appears  that 
tamoxifen  may  be  able  to  function  as  an  agonist 
for  these  non-genomic  ER  activities  under  some 
circumstances,  perhaps  explaining  how  cells 
expressing  high  levels  of  HER2  and  the  coactiva¬ 
tor  AIB1  show  increased  proliferation  in  the  pres¬ 
ence  of  both  estrogen  and  tamoxifen  [90]. 
Additional  support  for  this  crosstalk  comes  from 
preclinical  studies  showing  enhanced  efficacy 
and/or  delays  in  the  appearance  of  resistance  in 
the  presence  of  combined  therapies  that  target 
both  tyrosine  kinase  receptors  and  estrogen  signal¬ 
ing  ([87,96];  and  see  below,  Section  4.3). 


2.2.2.  IGF-1R  signaling 

The  involvement  of  IGF  signaling  in  antiestrogen 
resistance  is  less  clear  than  is  the  role  for  EGFR  and 
HER2.  While  data  are  mixed  about  whether  IGF- 
1R  levels  are  elevated  or  decreased  in  resistant 
tumors  and  cell  lines  [28,97,98],  evidence  for  a  role 
of  IGF-1R  signaling  in  acquired  resistance  is  emerg¬ 
ing.  This  may  be  mediated  at  least  in  part  through 
crosstalk  with  EGFR,  HER2,  and/or  ERa  and 
likely  involves  the  scaffolding  molecule  insulin 
receptor  substrate  1  (IRS-1)  [77,99,100]. 

2.3.  Cas/c-SrclBCAR3 

Numerous  cytoplasmic  proteins  whose  functions 
are  coupled  to  growth  factor  receptors  have  been 
linked  to  antiestrogen  resistance,  further  supporting 
a  role  for  these  pathways.  Two  of  these  molecules, 
Cas  and  “Breast  Cancer  Anti-Estrogen  Resistance 
3”  (BCAR3,  also  known  as  AND-34  and  Nsp2), 
were  identified  in  a  screen  designed  to  isolate  pro¬ 
teins  capable  of  inducing  antiestrogen  resistance  in 
sensitive  MCF-7  and  ZR-75-1  cells  [101,102],  Inter¬ 
estingly,  both  of  these  molecules  are  expressed  and 
interact  with  one  another  in  breast  cancer  cells  (Sch- 
recengost  and  Bouton,  unpublished  data),  support¬ 
ing  a  role  for  this  molecular  pathway  in  the 
promotion  of  resistance. 

2.3.1.  Cas  and  c-Src 

Cas  functions  in  a  wide  variety  of  cellular  pro¬ 
cesses,  including  proliferation,  survival,  cell  adhe¬ 
sion,  and  migration  [103,104],  Cas  overexpression 
promotes  increased  proliferation  and  inhibition  of 
apoptosis  in  MCF-7  breast  cancer  cells  treated  with 
tamoxifen  [92,105].  This  requires  the  association  of 
Cas  with  c-Src,  as  documented  by  the  finding  that, 
unlike  wildtype  Cas,  overexpression  of  a  Cas 
mutant  that  does  not  interact  with  c-Src  does  not 
promote  growth  in  the  presence  of  tamoxifen  [92]. 
Interactions  between  c-Src  and  Cas  result  in 
activation  of  c-Src  catalytic  activity,  promotion  of 
serum-  and  anchorage-independent  growth,  and 
enhancement  of  cellular  migration  [106,107].  Inter¬ 
estingly,  two  substrates  of  c-Src,  Tyrosine  845 
(Tyr-845)  on  the  EGFR  and  signal  transducer  and 
activator  of  transcription  (ST AT)  5b,  have  been 
implicated  in  Cas-dependent  tamoxifen  resistance 
[92].  These  data  suggest  a  mechanism  whereby 
c-Src  activation  by  Cas  results  in  the  phosphoryla¬ 
tion  of  a  number  of  c-Src  substrates  and  subsequent 
activation  of  various  pro-proliferative  and  survival 
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pathways  that  allow  the  cells  to  grow  in  the  presence 
of  tamoxifen.  Interestingly,  ER  nuclear  functions 
remain  unaffected  by  this  pathway  [92],  suggesting 
that  therapies  that  target  the  Src-Cas-EGFR- 
STAT5b  signaling  axis  may  be  able  to  synergize  with 
tamoxifen  for  the  treatment  of  “resistant”  tumors. 

Several  other  studies  provide  additional  insight 
into  how  c-Src  and  Cas  may  contribute  to  tamoxi¬ 
fen  resistance.  First,  ERoc  and  phosphatidylinositol 
3-kinase  (PI3K)  have  been  found  in  the  c-Src/Cas 
complex  in  T47D  breast  cancer  cells  following  rapid 
estrogen  stimulation  [108].  While  it  is  clear  that 
these  complexes  help  regulate  estrogen-dependent 
cell  proliferation  and  survival,  however,  it  is  not 
yet  known  whether  they  are  important  for  promot¬ 
ing  resistance  to  antiestrogens.  Second,  pharmaco¬ 
logical  inhibition  of  c-Src  in  MCF-7  cells  enhances 
the  growth-inhibitory  and  apoptotic-inducing 
effects  of  tamoxifen,  further  strengthening  a  role 
for  c-Src  in  this  process  [109].  Finally,  cells  treated 
over  a  period  of  two  weeks  with  tamoxifen  or  fulve- 
strant  show  a  c-Src-dependent  increase  in  Cas  phos¬ 
phorylation  that  correlates  with  activation  of  a 
survival  pathway  involving  AKT  [110]. 

Together,  these  studies  point  to  a  key  role  for  Cas 
and  c-Src  in  tamoxifen  resistance  in  cell  culture. 
Whether  these  pathways  also  play  a  role  in  clinical 
resistance  remains  to  be  determined.  c-Src/Cas 
interactions  are  favored  under  conditions  in  which 
both  proteins  are  expressed  at  high  levels  [106]. 
Thus  it  is  intriguing  that  a  large  percentage  of 
human  breast  tumors  contain  high  levels  of  both 
c-Src  and  Cas,  and  elevated  c-Src  kinase  activity 
[33,111,112].  Moreover,  c-Src/Cas  complexes  can 
be  isolated  from  a  majority  of  breast  cancer  cell 
lines  (Schrecengost  and  Bouton,  personal  communi¬ 
cation).  This  suggests  that  one  of  the  mechanisms  by 
which  c-Src  activity  may  be  elevated  in  breast  cancer 
cells  is  through  its  association  with  Cas.  Cas  overex¬ 
pression  in  human  tumors  correlates  with  poor 
overall  and  relapse-free  survival  and  a  poor  intrinsic 
response  to  tamoxifen  treatment  [33],  The  majority 
of  the  Cas-overexpressing  tumors  were  shown  to 
be  ER-positive,  suggesting  that  Cas  promotes  de 
novo  resistance  to  tamoxifen  through  mechanisms 
that  do  not  involve  downregulation  of  the  ER.  In 
contrast,  Cas  expression  levels  do  not  appear  to 
correlate  with  acquired  tamoxifen  resistance  [113]. 
c-Src  and  the  EGFR  are  also  frequently  (~30%) 
co-overexpressed  in  breast  tumors,  while  20-30% 
co-overexpress  HER2  and  c-Src  [114,115].  Based 
on  these  data,  it  is  reasonable  to  postulate  that,  in 


at  least  a  subset  of  tumors,  tamoxifen  resistance 
may  be  mediated  through  a  coordinated  mechanism 
involving  these  receptor  tyrosine  kinases,  c-Src,  and 
Cas. 

2.3.2.  BCAR3IAND-34 

BCAR3/AND-34  (hereafter  called  BCAR3)  is  a 
Cas  binding  partner  that  was  identified  in  a  genetic 
screen  along  with  Cas  as  a  molecule  whose  overex¬ 
pression  conferred  antiestrogen  resistance  [102]. 
Since  its  discovery,  BCAR3  has  been  implicated  in 
altering  the  activity,  expression,  and  intracellular 
location  of  many  proteins,  including  Cas,  Ras  and 
Rho  family  GTPases,  and  Pakl  ([107,116-118];  for 
review,  see  [119]).  BCAR3  overexpression  induces 
antiestrogen  resistance  through  a  process  that 
involves  PI3K  and  Racl  [118].  Estrogen-indepen- 
dent  growth  can  also  be  induced  by  BCAR3  expres¬ 
sion,  a  process  that  requires  R-Ras  activation  of 
AKT  [120],  While  these  data  suggest  that  BCAR3 
overexpression  may  promote  antiestrogen  resistance 
in  cultured  cells,  however,  it  is  yet  to  be  determined 
whether  this  molecule  contributes  to  resistance  in 
the  clinical  setting. 

2.4.  PI3K/AKT 

Downstream  of  growth  factor  receptor  and  adap¬ 
ter  protein  activation,  signaling  intermediates  such 
as  AKT  play  an  important  role  in  cell  proliferation, 
survival,  and  endocrine  resistance.  AKT,  also 
known  as  protein  kinase  B,  is  activated  by  PI3K, 
leading  to  substrate  phosphorylation  and  cell  sur¬ 
vival.  AKT  activity  is  subsequently  counter-bal¬ 
anced  by  the  tumor  suppressor  PTEN. 
Historically,  all  three  isoforms  of  AKT  have  been 
considered  oncogenic,  although  recent  studies  have 
reported  that  different  isoforms  may  play  distinct 
roles  in  invasion  and  cell  migration  (discussed  in 
[121]).  AKT  is  most  often  considered  to  be  a  sur¬ 
vival  factor,  preventing  apoptosis  under  conditions 
of  cell  stress.  However,  it  has  become  increasingly 
clear  that  AKT  also  participates  in  cell  cycle  regula¬ 
tion  (reviewed  in  [122]).  Cell  cycle  proteins  with 
established  connections  to  antiestrogen  resistance, 
including  those  that  are  AKT  targets,  will  be 
detailed  in  Section  2.6. 

In  ER-positive  breast  cancer  cell  lines, 
PI3K-mediated  AKT  activation  is  linked  to  rapid 
phosphorylation  of  ERoc  and  ligand-independent 
receptor  activation  [123],  AKT  can  also  stimulate 
ER(3  transcriptional  activity  and  enhance 


R.  B.  Riggins  el  al.  /  Cancer  Letters  256  (2007)  1-24 


9 


coactivator  recruitment  to  this  receptor  [124]; 
whether  this  has  an  impact  on  antiestrogen  resis¬ 
tance  has  yet  to  be  determined.  Overexpression  of 
constitutively  active  AKT  in  breast  cancer  cell  lines 
can  induce  estrogen  independence  and  resistance  to 
tamoxifen  and  fulvestrant  [125],  while  inhibition  of 
P13K  or  AKT  restores  tamoxifen  sensitivity  [126]. 
In  addition  to  endocrine  agents,  activated  AKT 
can  also  confer  resistance  to  conventional  chemo- 
therapeutics  such  as  doxorubicin  [127].  The  link 
between  AKT  and  tamoxifen  resistance  is  not  solely 
observed  in  cell  lines  engineered  to  overexpress  this 
kinase;  MCF-7  cells  selected  for  resistance  to 
tamoxifen  exhibit  upregulated  endogenous  AKT 
activity  that  is  required  for  antiestrogen  resistance 
[128,129].  However,  a  separate  study  showed  that 
an  aromatase-expressing  MCF-7  cell  line  (MCF-7/ 
Ca),  when  grown  as  xenografts  in  nude  mice,  did 
not  upregulate  the  PI3K/AKT  pathway  in  the  pro¬ 
cess  of  acquiring  resistance  to  the  aromatase  inhib¬ 
itor  letrozole  [130]. 

The  mechanisms  by  which  AKT  may  confer 
antiestrogen  resistance  are  varied.  Phosphorylation 
of  the  ER  on  serine  167  is  discussed  below  (Section 
2.5).  AKT  can  also  activate  the  mammalian  target 
of  rapamycin  (mTOR),  which  controls  cap-depen¬ 
dent  translation,  cell  growth,  and  survival  (recently 
reviewed  in  [131]).  This  can  occur  in  response  to 
activation  of  AKT  by  growth  factor  receptors  such 
as  EGFR  and  IGF-1R;  AKT  then  phosphorylates 
and  inactivates  the  tuberous  sclerosis  complex, 
which  normally  keeps  mTOR  kinase  activity  in 
check.  Rapamycin  and  its  analog  CCI-779  are  able 
to  restore  tamoxifen  sensitivity  in  MCF-7  cells 
overexpressing  constitutively  active  AKT  [132], 
Another  mTOR  inhibitor  (RAD-001)  has  also  been 
shown  to  inhibit  the  growth  of  wild  type  MCF-7 
cells,  as  well  as  MCF-7/Aro  cells  that  stably 


over-express  aromatase  [133],  Moreover,  a  combi¬ 
nation  of  the  aromatase  inhibitor  letrozole  with 
RAD-001  was  shown  to  more  effectively  inhibit 
MCF-7/Aro  proliferation  than  either  drug  alone. 
However,  given  that  MCF-7/Ca  cells  with  acquired 
resistance  to  letrozole  do  not  contain  elevated  lev¬ 
els  of  activated  AKT  [130],  it  would  seem  that  a 
definitive  role  for  the  PI3K/AKT/mTOR  pathway 
in  aromatase  inhibitor  resistance  remains  to  be 
determined.  Nonetheless,  mTOR  and  rapamycin- 
like  drugs  that  target  mTOR  are  considered  to  be 
attractive  molecular  targets  and  therapeutic  agents, 
respectively,  for  treating  breast  cancer  (reviewed  by 
[134,135];  see  Section  4.3). 

2.5.  ER  phosphorylation 

The  estrogen  receptor  is  a  target  of  serine/threo- 
nine  as  well  as  tyrosine  phosphorylation  (reviewed 
in  [136]).  While  ER  phosphorylation  is  a  key  ele¬ 
ment  of  non-genomic  or  rapid  estrogen  actions,  sev¬ 
eral  studies  have  shown  that  it  can  also  affect 
conventional,  transcription-mediated  events. 
Reported  ER  phosphorylation  sites  include  tyrosine 
537,  serines  104,  106,  118,  167,  236,  and  305,  and 
threonine  311  (Fig.  2,  and  discussed  in  [137]). 

Tyr-537,  which  is  located  in  the  activation  func¬ 
tion-2  (AF-2)  domain,  is  phosphorylated  by  Src 
family  kinases  [138].  Mutation  of  Tyr-537  to  phen¬ 
ylalanine  increases  basal  ER  transcriptional  activity 
without  changing  the  DNA  binding  capacity  of  the 
receptor  [139],  Mutation  of  Tyr-537  to  either  serine 
or  alanine  also  results  in  estrogen-independent  tran¬ 
scription,  but  both  4-hydroxytamoxifen  and  fulve¬ 
strant  inhibit  this  activity  [140,141],  Although  the 
full  function(s)  of  Tyr-537  phosphorylation  are  still 
under  investigation,  the  evidence  that  “constitu¬ 
tively  active”  Tyr-537  mutants  are  still  inhibited 
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by  antiestrogens  argues  against  a  critical  role  for 
this  residue  in  endocrine  therapy  resistance.  It  has 
also  yet  to  be  determined  whether  Tyr-537  phos¬ 
phorylation  is  observed  in  breast  tumors. 

The  effect  of  serine  phosphorylation  on  ER  func¬ 
tions  is  better  established  than  is  tyrosine  phosphor¬ 
ylation  and  it  is  more  likely  to  contribute  to  the 
resistant  phenotype.  Ser-104  and  Ser-106  are  located 
in  the  AF-1  domain  and  are  targets  of  the  cyclin  A/ 
CDK2  complex;  mutation  of  these  sites  to  alanine 
prevents  cyclin  A-mediated  enhancement  of  ER 
transcriptional  activity  [142].  Conversely,  cyclin  A 
enhances  ER  transcriptional  activity  in  the  presence 
of  tamoxifen.  Together,  these  data  suggest  that 
inappropriate  cyclin  A/CDK2 -media ted  phosphor¬ 
ylation  of  Ser-104  and  Ser-106  may  play  a  role  in 
endocrine  resistance  in  breast  tumors.  Cyclin  A 
has  been  implicated  as  an  independent  prognostic 
factor  for  poor  outcome  in  tamoxifen-treated  breast 
cancer  patients  [143]. 

Ser-167,  also  located  within  the  AF-1  domain, 
was  initially  proposed  to  be  phosphorylated  in 
response  to  estrogen  binding  [144],  However,  subse¬ 
quent  studies  have  revealed  that  its  phosphorylation 
is  ligand-independent,  and  that  this  site  is  a  major 
target  of  ERK,  RSK,  and  AKT  kinases  (reviewed 
in  [136]).  Overexpression  of  either  EGFR  or  AKT 
increases  Ser-167  phosphorylation  and  reduces 
tamoxifen  sensitivity,  whereas  RNAi-mediated  inhi¬ 
bition  of  AKT  abrogates  Ser-167  phosphorylation 
and  restores  tamoxifen  sensitivity  [145].  In  vitro, 
AKT-mediated  phosphorylation  of  Ser-167  can 
increase  ER  binding  to  DNA  and  enhances  the 
interaction  of  ER  with  the  coactivator  SRC3  in 
the  presence  of  estrogen  [146],  Despite  the  evidence 
that  Ser-167  phosphorylation  appears  to  play  an 
important  role  in  promoting  antiestrogen  resistance 
in  cell  culture,  however,  clinical  evidence  of  a  defin¬ 
itive  role  for  phosphorylated  Ser-167  in  antiestrogen 
resistance  is  less  convincing  (see  Section  4.1). 

Ser-236,  located  within  the  DNA  binding  domain 
of  the  receptor,  has  been  shown  to  be  phosphory¬ 
lated  by  protein  kinase  A  (PKA)  [147].  While  phos¬ 
phorylation  at  other  sites  seems  to  positively 
regulate  ER  transcriptional  activity,  PKA  phos¬ 
phorylation  at  Ser-236  appears  to  inhibit  receptor 
dimerization  in  the  absence  of  ligand.  This  suggests 
that  Ser-236  represents  a  negative  regulatory  site 
that  has  yet  to  be  implicated  in  the  process  of 
tamoxifen  resistance. 

Ser-305  is  located  in  the  hinge  region  of  the 
receptor,  and  its  phosphorylation  by  Pakl  has 


been  shown  to  increase  ER  transcriptional  activity 
[148].  Substitution  of  glutamic  acid  for  serine  at 
this  site  recapitulates  increased  receptor  activation 
and  induces  expression  of  the  ER  target  gene 
cyclin  D1  [149].  Pakl  is  a  well-known  mediator 
of  cell  survival  and  migration,  and  has  itself 
recently  been  shown  to  contribute  to  tamoxifen 
resistance.  Pakl  overexpression  in  MCF-7  cells 
enhances  cyclin  D1  expression  and  prevents  tamox¬ 
ifen-mediated  inhibition  of  ER  activity  [150,151]. 
Conversely,  lower  expression  of  Pakl  in  primary 
breast  tumors  is  associated  with  improved  dis¬ 
ease-free  survival  in  patients  treated  with  tamoxi¬ 
fen  [32].  Pakl  co-immunoprecipitation  with  ER  is 
enhanced  by  tamoxifen  treatment  of  resistant  cell 
lines  [150,151].  Pakl -mediated  stimulation  of  ER 
transcriptional  activity  through  Ser-305  is  reported 
to  require  processive  phosphorylation  of  Ser- 118, 
suggesting  that  these  two  sites  work  together  to 
regulate  ER  activity.  Interestingly,  Ser-305  can  also 
be  phosphorylated  by  PKA.  While  PKA-mediated 
phosphorylation  of  Ser-236  appears  to  negatively 
regulate  receptor  activities  (see  above),  phosphory¬ 
lation  of  Ser-305  by  PKA  is  thought  to  prevent 
tamoxifen  from  inducing  the  inactive  conformation 
of  the  ER  [152], 

Ser- 1 1 8  is  perhaps  the  best  studied  site  of  ER 
phosphorylation  and  is  widely  considered  to  be  a 
target  of  ERK  1/2,  although  other  kinases  such 
as  the  TFIIH  cyclin-dependent  kinase,  cyclin- 
dependent  kinase  7  (CDK7),  and  glycogen  syn¬ 
thase  kinse-3  (GSK-3)  may  also  phosphorylate 
this  site  [153-156].  Interestingly,  estrogen-induced 
phosphorylation  of  Ser-118  occurs  within  10  min 
of  stimulation,  and  this  can  be  inhibited  by  4- 
hydroxytamoxifen  but  not  fulvestrant  [155]. 
Recent  studies  by  Likhite  et  al.  have  helped  to 
clarify  the  function  of  Ser-118  phosphorylation 
in  tamoxifen-sensitive  and  resistant  cells  with 
respect  to  hormone,  DNA,  and  coregulator  bind¬ 
ing  [146],  Stable  overexpression  of  HER2  in 
MCF-7  cells,  which  induces  tamoxifen  resistance, 
also  results  in  increased  basal  phosphorylation  of 
Ser-118  that  is  no  longer  enhanced  by  estrogen 
stimulation.  Using  purified  wild  type  and  serine- 
mutated  ER  in  in  vitro  kinase  assays,  this  group 
subsequently  demonstrated  that  phosphorylation 
of  Ser-118  by  ERK  1/2  specifically  enhances 
recruitment  of  the  coactivator  SRC3  to  estrogen- 
bound  receptor,  but  has  no  effect  on  the  affinity 
of  ER  for  estrogen  or  DNA.  In  contrast,  phos¬ 
phorylation  at  Ser-118  reduced  the  association  of 
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ER  with  trans-hydroxytamoxifen,  which  has  the 
potential  to  attenuate  the  growth  inhibitory  effects 
of  this  antiestrogen. 

The  role  of  Ser-118  phosphorylation  in  anties¬ 
trogen  resistant  cell  culture  models  is  not  fully 
understood.  Kuske  et  al.  have  recently  reported 
that  estrogen-induced  Ser-118  phosphorylation 
levels  are  comparable  in  parental  MCF-7  cells 
and  the  estrogen-independent  MCF-7/LCC1  cell 
line,  but  that  basal  and  estrogen-induced  levels 
of  phospho-Ser-118  are  significantly  reduced  in 
the  antiestrogen-resistant  MCF-7/FCC9  cell  line 
[65],  In  studies  by  other  investigators,  baseline 
phosphorylation  of  Ser-118  is  increased  in  tamox¬ 
ifen-resistant  MCF-7  cells  as  compared  to  the 
parental  cell  line  and  is  reduced  by  MEK  and 
EGFR  tyrosine  kinase  inhibitors,  which  also  inhi¬ 
bit  cell  growth  [157].  Finally,  Weitsman  et  al.  sug¬ 
gest  that,  although  both  HER2  overexpression 
and  activation  of  the  MAPK  pathway  can  induce 
antiestrogen  resistance,  neither  has  any  effect  on 
Ser-118  phosphorylation  of  ER  in  MCF-7  cells 
[158],  Instead,  they  suggest  that  the  activity  of 
IkB  kinase-oc  (IKKa)  is  involved.  A  potential  role 
for  IKKa  in  ER  phosphorylation  has  only 
recently  been  suggested  [159],  and  further  studies 
are  needed  to  clarify  its  role  in  antiestrogen 
resistance. 

2.6.  Cell  cycle  regulators 

Cyclins,  cyclin-dependent  kinases  (CDKs),  and 
CDK  inhibitors  are  the  major  regulators  of  cell 
cycle  progression.  Antiestrogens  like  tamoxifen 
induce  cell  cycle  arrest  during  the  G1  phase; 
therefore,  genes  that  control  cell  cycle  progression 
have  the  potential  to  significantly  impact  drug 
sensitivity  and  resistance.  In  breast  cancer,  normal 
expression  and  function  of  cyclins  D1  and  E,  and 
the  CDK  inhibitors  p21  and  p27,  are  often  specif¬ 
ically  disrupted.  Caldon  et  al.  have  recently  pub¬ 
lished  a  comprehensive  review  of  cell  cycle 
control  in  breast  cancer  that  summarizes  how  cyc¬ 
lins  and  CDK  inhibitors  influence  cancer  progres¬ 
sion  and  may  serve  as  markers  of  treatment 
outcome  [160],  Butt  et  al.  have  also  published  a 
summary  of  the  literature  concerning  the  role  of 
cyclins  D1  and  E  in  endocrine  resistance  [161]. 
Given  the  timeliness  of  these  reviews,  we  will  only 
summarize  key  information  about  these  molecules 
and  focus  on  the  most  recent  literature  in  this 
area. 


2.6.1.  Cyclin  D1 

Cyclin  D 1  is  a  well-studied  contributor  to  anties¬ 
trogen  resistance  in  breast  cancer.  Essential  for  early 
progression  through  the  G1  phase,  cyclin  D1  both 
modulates  CDK4/6-dependent  phosphorylation  of 
the  tumor  suppressor  Rb  and  sequesters  the  CDK 
inhibitors  p21  and  p27  [160,162].  Cyclin  D1  is  a 
direct  transcriptional  target  of  estrogen  signaling, 
where  its  induction  is  mediated  by  ER/AP-1  and 
ER/Spl  transcription  complexes;  conversely,  anties¬ 
trogens  like  tamoxifen  inhibit  cyclin  D1  expression 
(discussed  in  [161]).  AKT  can  indirectly  affect  cyclin 
D1  expression  by  phosphorylating  and  inhibiting 
the  activity  of  GSK3(3,  which  normally  induces 
cyclin  D1  degradation  [163].  In  cell  culture,  stable 
overexpression  of  cyclin  D1  can  confer  resistance 
to  tamoxifen  as  well  as  fulvestrant  [164],  Moreover, 
some  cells  that  have  acquired  resistance  to  tamoxi¬ 
fen  show  increased  expression  of  cyclin  D1  [165]. 
However,  these  cells  are  still  growth-inhibited  by 
fulvestrant. 

Recent  studies  have  shed  some  light  on  potential 
mechanisms  of  cyclin  D1  upregulation  in  the  con¬ 
text  of  antiestrogen  resistance,  some  of  which 
involve  crosstalk  between  growth  factor  receptors 
and  other  signaling  molecules.  Tamoxifen-resistant 
MCF-7  cells  overexpressing  HER2  upregulate 
cyclin  D1  [90].  Similarly,  the  tamoxifen-resistant 
phenotype  of  MCF-7  cells  overexpressing  Pakl  is 
partly  due  to  the  increased  expression  of  cyclin  D1 
[32].  BCAR3  overexpression  in  MCF-7  also  induces 
cyclin  D1  promoter  activity,  coincident  with  the 
adoption  of  antiestrogen  resistance  [117].  In  some 
instances,  tamoxifen  has  been  reported  to  stimulate 
breast  cancer,  although  this  has  been  observed  more 
widely  in  cell  culture  and  xenograft  studies  than  in 
the  clinic.  Under  conditions  in  which  tamoxifen  or 
raloxifene  functions  as  an  ER  agonist,  cyclin  D1 
regulates  cell  cycle  progression  much  as  it  does  in 
parental  MCF-7  cells  stimulated  by  estrogen.  For 
example,  cyclin  D1  expression  was  found  to  be  sig¬ 
nificantly  elevated  in  raloxifene-stimulated  MCF-7 
xenografts  [166].  Treatment  with  the  HER2  inhibi¬ 
tor  trastuzumab  decreased  cyclin  D1  expression  in 
these  xenografts  and  concomitantly  inhibited  tumor 
growth.  Similarly,  cyclin  D1  was  shown  to  be  essen¬ 
tial  for  cell  cycle  progression  induced  by  tamoxifen 
in  resistant  MCF-7  cells  grown  in  tissue  culture 
[167], 

Evidence  for  a  role  of  cyclin  D1  in  clinical  endo¬ 
crine  resistance  is  still  emerging  (reviewed  in  [160]). 
Cyclin  D1  is  overexpressed  in  ~50%  of  breast 
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cancers.  Some  studies  have  reported  that  cyclin  D1 
overexpression  is  more  often  observed  in  highly  dif¬ 
ferentiated,  slower  growing  tumors  than  in  highly 
proliferative  tumors.  Other  studies  report  that 
cyclin  D1  amplification  is  more  frequent  in  ER- 
positive  tumors,  whereas  overexpression  in  the 
absence  of  amplification  is  more  common  in  ER- 
negative  tumors  [168],  Not  surprisingly,  it  is  in  the 
ER-positive  cases  where  cyclin  D1  amplification  is 
associated  with  a  worse  outcome.  How  these  find¬ 
ings  will  affect  the  clinical  management  of  ER-posi¬ 
tive  breast  tumors  and  future  use  of  tamoxifen 
therapy  remains  to  be  determined. 

2.6.2.  Cyclin  E 

In  response  to  inhibition  of  Rb  by  cyclin  D1  early 
in  G1  phase,  the  transcription  factor  E2F  strongly 
induces  the  expression  of  cyclin  E,  which  associates 
with  CDK2  to  form  an  active  complex  that  pro¬ 
motes  entry  into  S  phase  [160].  Cyclin  E/CDK2 
activity  is  subsequently  counterbalanced  by  the 
CDK  inhibitors  p21  and  p27.  While  not  a  direct  tar¬ 
get  of  the  ER,  estrogen-dependent  induction  of  c- 
Myc  can  activate  cyclin  E  complexes  by  stimulating 
release  of  the  inhibitor  p21.  CDC25A  can  also  par¬ 
ticipate  in  estrogen-mediated  cyclin  E  activation 
[169], 

The  contribution  of  cyclin  E  to  tamoxifen  resis¬ 
tance  is  less  clear  than  for  cyclin  Dl.  This  may  be 
due  to  the  presence  of  multiple  low  molecular 
weight  forms  of  cyclin  E  that  are  generated  by 
post-translational  proteolytic  cleavage  events 
(reviewed  in  [170]).  Low  molecular  weight  cyclin  E 
variants,  which  exhibit  greater  activity  than  full- 
length  cyclin  E,  can  induce  antiestrogen  resistance 
in  MCF-7  cells  [171].  Further  studies  are  required 
to  clarify  the  mechanism(s)  by  which  low  molecular 
weight  cyclin  E  is  induced  in  breast  cancer,  and  its 
function  in  antiestrogen  resistance.  Other  groups 
have  reported  that  full-length  cyclin  E  can  also  con¬ 
fer  resistance  to  tamoxifen  and  fulvestrant  [164,172]. 

2.6.3.  p21  and  p27 

The  CDK  inhibitors  p21  and  p27  are  important 
negative  regulators  of  cell  cycle  progression  that 
counteract  the  activities  of  cyclin  Dl  and  cyclin  E. 
p27  is  largely  regulated  in  a  post-transcriptional 
manner,  while  p21  is  primarily  controlled  at  the 
level  of  transcription  (reviewed  in  [160]).  In  MCF- 
7  cells,  both  tamoxifen  and  fulvestrant  increase  the 
expression  of  p21  and  p27  during  cell  cycle  arrest 
[173].  p27  induction  by  tamoxifen  induces  quies¬ 


cence  in  breast  cancer  cells  and  prevents  a  positive 
proliferative  response  following  re-stimulation  by 
growth  factors  such  as  IGF-I  and  EGF  [174].  Com¬ 
bined  treatment  with  tamoxifen  and  the  farnesyl 
transferase  inhibitor  FT1-277,  which  causes  a  potent 
G1  arrest,  maintains  the  expression  and  association 
of  p21  and  p27  with  cyclin  E/CDK2  complexes  [23]. 
These  two  studies  suggest  that  preservation  of  p27 
and  p21  is  critical  for  the  inhibitory  effects  of  anties¬ 
trogens  like  tamoxifen  in  controlling  breast  cancer 
cell  growth.  In  contrast,  downregulation  of  these 
CDK  inhibitors  prevents  the  growth  inhibitory 
effects  of  these  drugs  [173]. 

p21  and  p27  functions  are  regulated  in  part  by 
AKT  through  phosphorylation  of  residues  within 
their  nuclear  localization  sequences,  leading  to 
sequestration  in  the  cytoplasm  where  they  are 
unable  to  interact  with  cyclin  E  and  CDK2  (dis¬ 
cussed  in  [175]).  c-Myc  also  plays  a  role  in  regulat¬ 
ing  p21,  although  the  mechanism  is  less  clear. 
Most  significantly,  c-Myc  appears  to  block  tamoxi¬ 
fen-  and  fulvestrant-induced  expression  of  p21  [176]. 
In  MCF-7/LCC9  breast  cancer  cells  that  have 
acquired  resistance  to  fulvestrant  and  cross-resis¬ 
tance  to  tamoxifen,  p21  expression  is  no  longer  reg¬ 
ulated  by  estrogens  and  antiestrogens  [176],  Studies 
of  other  models  of  antiestrogen  resistance  also  sup¬ 
port  the  idea  that  p21  and/or  p27  play  important 
roles  in  antiestrogen  sensitivity  and  resistance. 
Unlike  parental  MCF-7  cells  in  which  tamoxifen 
or  fulvestrant  treatment  increases  p27  binding  to 
cyclin  E,  antiestrogens  do  not  alter  p27  binding  in 
the  tamoxifen-resistant  LY-2  variant  [177].  These 
LY-2  cells  display  constitutive  activation  of  MEK 
and  ERK1/2,  and  inhibition  of  these  kinases  par¬ 
tially  restores  antiestrogen  sensitivity  and  p27  func¬ 
tion.  Other  cell  culture  models  of  resistance,  such  as 
MCF-7/LCC2  and  MCF-7/HER2-18  cells,  exhibit 
increased  MEK/ERK  activity,  although  whether 
this  affects  antiestrogen  resistance  through  modulat¬ 
ing  p27  remains  to  be  determined  [177].  These  data 
supporting  a  role  for  p21  and  p27  in  antiestrogen 
responses  and  resistance  are  corroborated  by  clini¬ 
cal  evidence  (see  Section  4.1). 

3.  Endocrine  therapies;  effect  on  motility/invasion/ 
metastasis 

Metastatic  breast  cancer  is  ultimately  the  greatest 
cause  of  disease  mortality.  Tamoxifen  is  beneficial 
for  decreasing  secondary  disease  occurrence,  both 
at  local  and  distant  sites  [178].  However,  the  major 


R.B.  Riggins  et  al.  /  Cancer  Letters  256  (2007)  1-24 


13 


phenotype  of  endocrine  resistance  is  cancer  recur¬ 
rence.  While  clinical  data  have  not  definitively 
linked  antiestrogen  resistance  with  metastasis,  many 
of  the  proteins/pathways  discussed  above  in  Section 
2  that  are  involved  in  circumventing  antiestrogen- 
induced  blocks  in  cell  cycle  progression  and  survival 
are  also  implicated  in  increased  migration  and 
metastasis  of  breast  cancer  cells. 

Hiscox  et  al.  have  begun  to  tackle  the  molecular 
relationship  between  antiestrogen  resistance  and 
invasion/metastasis  [179].  They  found  that  MCF-7 
cells  selected  for  tamoxifen  resistance  showed 
enhanced  basal  motility  and  an  invasive  phenotype. 
Treatment  of  these  cells  with  the  pharmacological 
inhibitors  gefitinib  and  AZD0530  inhibited  migra¬ 
tion  and  invasion,  indicating  that  the  invasive  phe¬ 
notype  of  these  resistant  cells  was  dependent  on 
EGFR  and  c-Src,  respectively.  The  ability  of  tumor 
cells  to  metastasize  requires  multiple  genotypic  and 
phenotypic  changes.  Signaling  perturbations  associ¬ 
ated  with  the  epithelial  to  mesenchymal  transition 
(EMT)  contribute  significantly  to  invasive  and 
metastatic  disease  [180],  These  include  increased 
expression  of  extracellular  matrix  proteins,  down- 
regulation  of  E-cadherin,  disruption  of  adherens 
junctions  complexes,  accumulation  of  p-catenin 
and  NF-kB  in  the  nucleus,  and  transcription  of  tar¬ 
get  genes  such  as  c-Myc  and  cyclin  D1  [181,182]. 
Interestingly,  the  tamoxifen-resistant  MCF-7  cells 
investigated  by  Hiscox  et  al.  displayed  an  altered 
morphology  reminiscent  of  an  EMT,  marked  by 
an  elongated,  fibroblast-like  phenotype  that  lacked 
characteristic  cell-cell  contacts  [179].  Tyrosine  phos¬ 
phorylation  of  P-catenin  was  elevated  in  the  tamox¬ 
ifen-resistant  cells,  coincident  with  accumulation  of 
the  protein,  loss  of  its  association  with  E-cadherin, 
increased  interactions  with  EGFR,  and  increased 
transcription  of  c-Myc  and  cyclin  Dl.  These  effects 
were  reversed  in  the  presence  of  gefitinib,  support¬ 
ing  a  mechanism  whereby  the  EGFR  drives  phos¬ 
phorylation  of  p-catenin  and  activation  of  c-Src  to 
initiate  EMT-mediated  metastatic  progression. 

Many  of  the  other  molecules  that  have  been  men¬ 
tioned  above  in  the  context  of  promoting  antiestro¬ 
gen  resistance  also  play  a  role  in  promoting 
invasiveness.  For  example,  Pakl  is  functionally 
linked  to  regulation  of  the  actin  cytoskeleton 
through  Rho  family  GTPases  [150].  The  Pakl  gene 
is  closely  linked  to  CCND1  (cyclin  Dl)  at  llql3,  a 
region  that  is  often  amplified  in  breast  cancers 
[183].  Similarly,  amplification  of  the  gene  encoding 
c-Myc  in  breast  tumors  appears  to  correlate  with 


the  transition  from  in  situ  to  invasive  carcinoma 
[38,184].  Finally,  in  a  study  of  matched  primary 
and  metastatic  breast  tumors,  Bcl-2  expression  was 
found  to  be  elevated  in  metastatic  tumors  coincident 
with  a  retention  of  ERa  expression  [38].  These 
results  conflicted  with  those  from  a  similar  study 
performed  on  paired  primary  and  recurrent  tamox¬ 
ifen-resistant  tumors,  which  found  that  the  recur¬ 
rent  tumors  did  not  show  a  correlation  between 
ER  status  and  Bcl-2  expression  [30].  However,  there 
was  a  correlation  between  ERa  and  phosphorylated 
p38  and  ERK  in  these  relapsed  specimens.  These 
discrepancies  may  be  due  to  differences  in  inclusion 
criteria  and  the  source  of  recurrent  tissue  between 
studies.  The  former  study  evaluated  mostly  tumors 
at  distant  sites  after  discontinuation  of  hormonal 
therapy,  while  the  latter  study  evaluated  locoregion- 
al  recurrences  while  the  patients  continued  therapy. 

4.  Antiestrogen  resistance:  implications  for  treatment 

4.1.  Prediction  of  response 

It  is  clear  from  the  discussion  above  that  resis¬ 
tance  to  endocrine  therapy  likely  occurs  through 
diverse  mechanisms  that  vary  from  patient  to 
patient.  Consequently,  it  is  imperative  to  develop 
molecular  signatures  that  can  predict  the  likelihood 
of  response  and  potential  for  relapse  of  individual 
tumors.  Initially,  predictive  markers  for  tamoxifen 
resistance  included  expression  of  ER  and  receptor 
tyrosine  kinases  such  as  EGFR  and  HER2.  As 
our  understanding  of  antiestrogen  resistance  has 
evolved,  these  markers  have  broadened.  Currently, 
the  overall  expression  of  proteins,  protein  modifica¬ 
tions,  and  intracellular  localization  are  all  being 
analyzed  for  predictive  value  of  response  to  endo¬ 
crine  therapy. 

As  mentioned  above,  survival  pathways  regu¬ 
lated  by  PI3K,  AKT,  PTEN,  and  Bcl-2  family  mem¬ 
bers  play  an  important  role  in  antiestrogen 
resistance.  Studies  are  currently  underway  to  deter¬ 
mine  whether  increased  activation  and/or  expres¬ 
sion  of  AKT,  decreased  activity  of  PTEN,  or 
altered  expression  of  Bad  could  be  predictive  mark¬ 
ers  for  response  to  anti-hormonal  treatments.  For 
example,  a  retrospective  analysis  of  402  ERa-posi- 
tive  breast  carcinoma  biopsies  treated  with  tamoxi¬ 
fen  for  a  median  of  5  years  revealed  that  high 
expression  of  AKT2,  as  measured  by  immunohisto- 
chemistry,  was  predictive  of  improved  overall 
survival  [31].  Patients  who  relapsed  following 
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tamoxifen  treatment  were  more  likely  to  have  low 
AKT2  expression  and  high  cytoplasmic  phospho- 
AKT  (Ser-473).  Interestingly,  expression  of  AKT1 
and  AKT3  did  not  have  a  significant  predictive  cor¬ 
relation.  Bad  expression  could  also  predict  tamoxi¬ 
fen-treatment  outcome.  Patients  in  this  same 
clinical  study  whose  tumors  had  high  levels  of  Bad 
expression  had  improved  disease-free  survival  rates 
compared  to  patients  whose  tumors  had  low  levels 
of  Bad  [36].  There  was  no  association  between  phos- 
pho-Bad  (Ser-112),  Bax,  Bcl-2  or  Bcl-xL  expression 
and  response  to  tamoxifen  treatment  in  this  group 
of  patients.  A  related  study  examined  252  primary 
ERa  human  breast  carcinomas  to  determine 
whether  activated  AKT  or  loss  of  heterozygosity 
(LOH)  of  PTEN  was  predictive  of  response  to 
tamoxifen  [185],  Phospho-AKT  correlated  with 
HER2  status  in  this  study,  as  did  PTEN  LOTI. 
From  this  patient  cohort,  36  patient  samples  were 
used  to  examine  the  relationship  between  activated 
AKT  and  the  efficacy  of  endocrine  therapy  for  met¬ 
astatic  breast  cancer.  Patients  with  phospho-AKT- 
positive  tumors  received  less  benefit  from  endocrine 
therapy  than  did  patients  with  phospho-AKT-nega- 
tive  tumors.  A  third  study  evaluated  PTEN  expres¬ 
sion  in  100  patients  with  ERa  breast  carcinomas 
who  had  been  treated  with  tamoxifen  [186].  High 
levels  of  PTEN  were  recorded  for  81%  of  patients 
who  had  non-recurrent  disease  and  only  41%  of 
patients  with  recurrent  disease.  Conversely,  low 
PTEN  expression  was  associated  with  a  shorter 
relapse  free  survival  and  reduced  disease-specific 
survival.  PTEN  expression  was  an  even  stronger 
predictor  of  relapse  and  survival  when  the  analysis 
was  restrained  to  only  stage  I  breast  cancer  patients. 

Like  the  PI3K/AKT  survival  pathway,  cyclin  D 1 
expression  is  associated  with  multiple  mechanisms 
of  antiestrogen  resistance.  Patients  with  ERa-posi- 
tive  tumors  and  high  levels  of  cyclin  D1  mRNA 
had  a  worse  prognosis  for  overall  survival  [187]. 
In  a  small  subset  of  these  patients  who  were  treated 
with  endocrine  therapy,  an  apparent  association 
between  high  cyclin  D1  mRNA  and  decreased  dura¬ 
tion  of  response  was  made.  Similar  results  were 
obtained  by  evaluating  protein  levels  of  cyclin  D1 
in  248  post-menopausal  patients  who  had  been  ran¬ 
domized  into  2-year  tamoxifen  treatment  or  no¬ 
treatment  groups  [188].  Interestingly,  the  55 
strongly  ERa-positive  patients  with  tumors  showing 
moderate  or  low  cyclin  D1  levels  responded  to 
tamoxifen  treatment,  whereas  the  46  patients  with 
both  high  ERa  and  cyclin  D1  expression  in  their 


tumors  showed  no  difference  in  survival  between 
tamoxifen  and  no  treatment. 

The  association  between  cyclin  E  levels  and  anti¬ 
estrogen  response  is  even  less  clear.  Some  of  the 
clinical  studies  focused  on  cyclin  E  have  shown  a 
correlation  between  the  presence  of  low  molecular 
weight  and/or  full-length  cyclin  E  and  poor  sur¬ 
vival,  while  others  have  not  found  such  an  associa¬ 
tion  ([189]  and  discussed  in  [161]).  A  recent  study 
examining  the  expression  of  cyclin  E  and  two  prote¬ 
ases  implicated  in  the  generation  of  low  molecular 
weight  cyclin  E  (proteinase  3  and  neutrophil  elas- 
tase)  in  205  breast  cancer  patients  revealed  that 
cyclin  E  was  significantly  associated  with  poor  dis¬ 
ease-free  survival  in  the  entire  cohort,  and  with 
tamoxifen  resistance  in  the  110  treated  patients 
[190].  However,  expression  of  neutrophil  elastase 
was  not  associated  with  poor  outcome  or  treatment 
resistance.  Further  studies  are  required  to  clarify  the 
role  of  these  variants  in  clinical  endocrine  resistance. 

Coincident  with  cyclin  D1  and  cyclin  E  expres¬ 
sion,  p21  and  p27  levels  may  also  prove  to  be  pre¬ 
dictive  for  clinical  response  to  antiestrogen 
resistance.  High  levels  of  p27  expression  in  a  group 
of  512  patients  with  premenopausal  breast  cancer 
patients  treated  with  tamoxifen  and  the  gonadotro¬ 
pin-releasing  hormone  agonist  goserelin  were 
strongly  associated  with  improved  overall  and  dis¬ 
ease-free  survival  [191].  Data  for  p21  are  less  consis¬ 
tent,  perhaps  because  they  may  be  confounded  by 
the  complex  regulation  of  p21  expression  and  con¬ 
tributions  from  other  proteins  such  as  p53  and 
IRF-1  that  may  independently  affect  breast  cancer 
outcome  (discussed  in  [20,161]).  It  may  also  be  that 
subcellular  localization  of  p21,  rather  than  overall 
expression  levels,  will  prove  to  be  a  better  marker 
of  therapeutic  response  and  treatment  outcome.  In 
line  with  this  suggestion,  Perez-Tenorio  et  al.  have 
recently  reported  that  cytoplasmic  p21  is  associated 
with  increased  AKT  activity  and  poor  tamoxifen 
response  in  a  cohort  of  280  women  [192], 

As  mentioned  above,  serine  phosphorylation  of 
ERa  may  also  prove  to  be  useful  for  predicting  ther¬ 
apeutic  response  (see  Section  2.5).  Recent  studies 
have  centered  on  the  role  of  Ser-118  phosphoryla¬ 
tion  in  predicting  clinical  outcome  in  breast  cancer 
patients.  In  a  series  of  1 17  lymph  node-negative  pri¬ 
mary  breast  tumors  from  patients  treated  with 
tamoxifen  following  surgery  with  or  without  radia¬ 
tion,  Murphy  et  al.  observed  Ser-118  phosphoryla¬ 
tion  only  in  tumors  with  positive  estrogen  binding 
activity  [193],  Phosphorylated  Ser-118  was  also 
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observed  more  frequently  in  PR-positive  tumors 
than  PR-negative  tumors,  and  patients  with  tumors 
positive  for  Ser-118  phosphorylation  showed 
increased  disease-free  survival.  Bergqvist  et  al. 
reported  that  increased  MAPK  activation  and 
expression  of  phosphorylated  Ser-118  correlated 
with  one  another  and  also  predicted  better  survival 
[194],  However,  overexpression  of  HER2  was  inver¬ 
sely  correlated  with  activated  ERK1/2  and  phos¬ 
phorylated  Ser-118,  suggesting  that  at  least  in  this 
cohort,  HER2  activation  does  not  drive  phosphory¬ 
lation  and  hyperactivation  of  ER.  Moreover,  this 
apparent  improved  outcome  observed  in  patients 
with  Ser-118  phosphorylation  appears  to  contradict 
some  of  the  cell  culture  experiments  that  showed  a 
link  between  Ser-118  phosphorylation  and  anties¬ 
trogen  resistance  (see  Section  2.5).  This  discrepancy 
may  be  explained  by  the  possibility  that  Ser-118 
phosphorylation  of  the  ER  may  have  distinct  func¬ 
tions  in  different  phases  of  breast  cancer;  there  is 
some  evidence  to  suggest  that  it  may  be  associated 
with  a  better  outcome  prior  to  endocrine  therapy 
but  a  worse  outcome  following  acquisition  of 
tamoxifen  resistance  [35]. 

The  correlation  between  Ser-167  phosphoryla¬ 
tion  and  clinical  response  to  antiestrogens  is  equally 
complex.  Kirkegaard  et  al.  found  that  high  levels  of 
active  AKT  correlated  with  reduced  survival  and 
increased  Ser-167  phosphorylation  in  tamoxifen- 
treated  patients  [31].  However,  Yamashita  et  al. 
reported  that  phosphorylated  Ser-167,  along  with 
expression  of  ER  and  PR,  were  associated  with  an 
improved  response  to  endocrine  therapy  and  sur¬ 
vival  [195].  The  fact  that  Ser-167  can  be  phosphory¬ 
lated  by  kinases  other  than  AKT  may  suggest  that  it 
is  AKT  rather  than  phosphorylated  Ser-167  that  is 
responsible  for  the  poor  outcome  in  the  Kirkegaard 
study  [31]. 

In  addition  to  the  ERa  modulation,  PR  status 
has  also  been  suggested  to  be  predictive  of  response 
to  antiestrogens.  As  discussed  above  (Section  2.1), 
the  presence  of  PR  is  reflective  of  a  functional  ER 
pathway  because  PR  synthesis  is  initiated  by  ER- 
induced  transcription.  Bardou  et  al.  analyzed  two 
databases  containing  information  on  ER  and  PR 
status  of  a  large  number  of  breast  cancer  patients 
[196],  They  found  that  PR  expression  was  associated 
with  disease-free  survival  independently  of  ERa  sta¬ 
tus.  However,  ERa-positive/PR-positive  tumors 
received  the  greatest  benefit  from  adjuvant  hor¬ 
monal  therapy  when  both  ERa  and  PR  were  taken 
into  consideration,  while  loss  of  expression  of  either 


receptor  reduced  responsiveness  by  nearly  half. 
Additional  studies  have  also  found  that  ER/PR- 
positive  breast  tumors  have  significant  improvement 
in  prognosis  after  either  adjuvant  tamoxifen  or 
letrozole  treatments  [197,198].  This  supports  the 
hypothesis  that  ERa  positive  tumors  that  lack  PR 
expression  are  less  likely  to  respond  to  anti-hor- 
monal  therapy  because  they  are  no  longer  depen¬ 
dent  on  estrogen  for  survival.  Conversely,  ERp 
expression  appears  to  be  predictive  of  a  positive 
response  to  endocrine  therapy  and  better  overall 
survival  [6].  This  is  potentially  due  to  the  putative 
tumor  suppressor  functions  of  ERp  discussed  above 
(see  Section  1),  and  provides  the  rationale  for  devel¬ 
oping  SERMs  that  exhibit  selective  activities  to  ER 
subtypes  (see  Section  1.1.1). 

4.2.  Molecular  profiling  studies  of  antiestrogen 
resistance 

Gene  expression  analysis  and  molecular  profiling 
have  added  to  our  understanding  of  the  mechanisms 
of  antiestrogen  response  and  resistance.  Several 
groups  have  used  these  approaches  on  tumor  sam¬ 
ples  to  develop  gene  signatures  that  can  predict  clin¬ 
ical  responses  to  antiestrogen  treatment  [199,200]. 
However,  in  some  instances,  these  profiles  have 
not  been  validated  by  independent  studies  [201]. 
Expression  profiling  of  cell  culture  and  xenograft 
models  has  also  been  extensively  utilized  to  help 
clarify  the  molecular  actions  of  antiestrogens  and 
aromatase  inhibitors.  Several  of  these  studies  have 
confirmed  biological  evidence  indicating  that 
SERMs  like  tamoxifen  and  raloxifene  can  behave 
as  both  antagonists  and  agonists  of  the  ER,  whereas 
fulvestrant  is  a  pure  antagonist.  For  example, 
expression  of  cell  cycle-associated  genes  such  as 
cyclin  Al  and  CDC25B  was  unaffected  by  estrogen, 
tamoxifen,  or  raloxifene  but  strongly  regulated  by 
fulvestrant  [202].  The  effects  of  tamoxifen  and 
raloxifene  were  also  similar  to  estrogen  with  respect 
to  expression  of  Bcl-2-interacting  killer  (BIK),  an 
estrogen-inhibited,  pro-apoptotic  gene  that  has  been 
demonstrated  to  play  a  critical  role  in  fulvestrant- 
induced  breast  cancer  cell  death  [203], 

Other  studies  have  examined  regulation  of  gene 
expression  by  letrozole  and  anastrazole  as  com¬ 
pared  to  tamoxifen  [204],  As  might  be  expected, 
the  effects  of  these  aromatase  inhibitors  were  more 
similar  to  each  other  than  they  were  to  tamoxifen. 
However,  the  major  functional  classes  of  genes  reg¬ 
ulated  by  all  three  drugs  were  comparable,  and 


16 


R.  B.  Riggins  et  al.  /  Cancer  Letters  256  (2007 )  1-24 


included  apoptosis,  Wnt,  and  MAPK  signaling 
pathways.  This  suggests  that,  rather  than  looking 
at  individual  genes,  these  approaches  may  be  most 
useful  for  identifying  functional  groupings  of  genes 
that  work  together  in  specific  signaling  pathways  to 
regulate  responses  to  antiestrogens.  A  recent  study 
in  MCF-7  cells  comparing  acquired  resistance  to 
tamoxifen  and  fulvestrant  found  that  tamoxifen 
resistance  was  strongly  associated  with  changes  in 
the  PKA  pathway,  MAPK  phosphatases,  and  cal¬ 
cium  binding  proteins.  In  contrast,  downregulation 
of  ER  and  major  alterations  in  growth  factor  recep¬ 
tor  and  interferon  signaling  were  observed  in  cells 
resistant  to  fulvestrant  [60].  Interferon-inducible 
genes  have  also  been  found  to  be  differentially  regu¬ 
lated  in  the  MaCa  3366/TAM  xenograft  model  of 
acquired  tamoxifen  resistance  when  compared  to 
the  tamoxifen-sensitive  MaCa  3366  counterpart 
[205].  Interestingly,  loss  of  the  putative  tumor  sup¬ 
pressor  interferon  regulatory  factor  1  (IRF-1)  has 
been  specifically  implicated  in  fulvestrant  resistance 
[25]  and  is  required  for  tamoxifen-induced  cell  death 
of  normal  mammary  epithelial  cells  [206],  Another 
interferon-induced  gene,  calgranulin  A  (S100A8) 
[207],  is  upregulated  in  MCF-7,  T47D,  and  ZR-75- 
1 -derived  models  of  fulvestrant  resistance  [59], 
providing  additional  support  for  a  role  of  inter¬ 
feron-inducible  genes  in  antiestrogen  resistance. 

While  expression  profiling  has  provided  insight 
into  molecular  pathways  that  may  contribute  to 
antiestrogen  resistance,  there  are  some  challenges 
associated  with  these  approaches  that  must  be  care¬ 
fully  considered.  Multiple  expression  array  plat¬ 
forms  and  technologies  can  make  comparing  the 
findings  of  different  investigators  difficult,  especially 
at  the  level  of  individual  genes.  Statistical  analysis  of 
these  data  is  also  very  complex,  and  the  risk  of 
excluding  biologically  relevant  genes  while  including 
others  that  do  not  contribute  to  the  phenotype  is  a 
significant  one.  Unfortunately,  these  challenges  are 
greatly  magnified  in  the  context  of  analysis  of  tumor 
tissues  [208-210].  Nonetheless,  these  approaches  can 
be  quite  powerful,  particularly  when  one  considers 
functional  grouping  of  genes  rather  than  individual 
molecules. 

4.3.  Combinatorial  therapies 

Strategies  for  treating  breast  tumors  have  signif¬ 
icantly  broadened  in  recent  years  because  of  a  grow¬ 
ing  appreciation  for  the  fact  that  resistance  to 
endocrine  therapies  can  and  will  invariably  arise 


through  a  variety  of  distinct  mechanisms.  Our 
increasing  understanding  of  the  molecular  basis 
for  these  failures  has  brought  to  the  forefront  the 
possibility  of  using  combination  therapies  for  treat¬ 
ing  breast  cancer.  There  are  two  separate  rationales 
for  using  combination  therapies.  First,  targeting 
multiple  pathways  at  once  can  potentially  delay  or 
halt  the  acquisition  of  a  resistant  phenotype.  Alter¬ 
natively,  treatments  can  be  administered  to  effec¬ 
tively  resensitize  tumors  to  endocrine  therapies  for 
which  they  are  resistant.  In  many  cases,  the  practical 
strategies  for  addressing  these  distinct  phenomena 
are  the  same.  For  example,  as  discussed  above, 
growth  factor  receptor  signaling  is  often  increased 
in  antiestrogen-resistant  breast  tumors,  leading  to 
upregulation  of  proliferation  and  survival  pathways 
that  may  be  distinct  from  estrogen  signaling  per  se. 
Thus,  treatment  with  gefitinib  or  trastuzumab  to 
inhibit  the  EGFR  or  HER2,  respectively,  along  with 
hormonal  therapies  would  potentially  block  both 
the  pro-proliferative  activity  of  the  ER  and  the  pro¬ 
liferation/survival  pathways  activated  by  the  growth 
factor  receptors.  Some  of  the  current  trials  evaluat¬ 
ing  the  efficacy  of  these  combinations  include  a 
Phase  II  randomized  trial  (Translational  Oncology 
Research  International  trial)  that  is  investigating 
fulvestrant  and  trastuzumab  in  combination  as  a 
first-line  treatment  for  patients  with  ERa/HER2- 
positive  breast  tumors,  a  comparative  study  evaluat¬ 
ing  anastrozole  versus  fulvestrant  with  the  addition 
of  gefitinib  in  women  with  ERa-positive  tumors 
who  have  metastatic  disease  and  have  failed  chemo¬ 
therapy  and/or  endocrine  therapy,  and  a  combina¬ 
tion  of  fulvestrant  with  the  dual  inhibitor  lapatinib 
in  postmenopausal  women  with  ERoupositive  and 
EGFR-and/or  HER2-postive  tumors  who  have 
had  previous  exposure  to  an  aromatase  inhibitor 
(reviewed  in  [211,212]). 

In  addition  to  targeting  growth  factor  receptors, 
several  clinical  trials  have  been  initiated  to  investi¬ 
gate  the  effect  of  farnesyl  transferase  inhibitors  such 
as  tipifarnib  in  combination  with  endocrine  thera¬ 
pies.  However,  these  trials  have  been  somewhat  dis¬ 
appointing  in  that  they  have  not  thus  far 
corroborated  pre-clinical  models  showing  that  tipi¬ 
farnib  in  combination  with  tamoxifen  resulted  in 
greater  tumor  regression  than  either  treatment  alone 
[213].  Additional  studies  are  underway  that  examine 
the  efficacy  of  combining  tipifarnib  with  AIs 
(reviewed  in  [214]). 

Clinical  studies  with  mTOR  antagonists  in  com¬ 
bination  with  hormonal  therapies  are  also  ongoing. 
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As  a  single  agent,  CCI-779  has  been  somewhat  effec¬ 
tive  in  Phase  II  studies  of  metastatic  breast  cancer 
[215].  Currently,  Phase  II  and  Phase  III  trials  are 
testing  either  CCI-779  or  RAD-001  in  combination 
with  letrozole,  as  compared  to  letrozole  alone. 
Interim  results  show  that  the  combination  of  CCI- 
779  and  letrozole  translates  into  a  clinical  benefit 
rate  of  77%  versus  66%  for  letrozole  alone,  although 
these  values  have  not  yet  reached  statistical  signifi¬ 
cance  [135]. 

Finally,  extensive  efforts  are  being  made  to 
determine  whether  pre-clinical  data  showing  that 
tumors  resistant  to  one  class  of  hormonal  therapy 
may  still  retain  sensitivity  to  alternate  endocrine 
therapies  hold  true  in  the  clinic.  Results  of  the 
Phase  II  Swiss  Group  for  Clinical  Research  Trial 
(SAKK  21/00),  which  compared  the  efficacy  of 
fulvestrant  treatment  in  Al-sensitive  versus  AI- 
resistant  patients,  were  recently  published 
(reviewed  in  [216]).  Overall  fulvestrant  yielded  a 
clinical  benefit  (measured  as  an  objective  response 
or  stable  disease  >24  weeks)  in  30%  of  patients, 
irrespective  of  whether  they  had  previously  been 
treated  with  AIs.  There  are  currently  multiple 
planned  or  ongoing  clinical  trials  combining  AIs 
with  antiestrogens.  These  include  Phase  II  and 
Phase  III  trials  evaluating  use  as  first  line  and 
neoadjuvant  treatment  (reviewed  in  [214]). 
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C.  Research  Support 

Completed  Research  Support 

(No  #  assigned)  Riggins  (PI)  7/2004  -  6/2005 

Cancer  Research  Fellowship,  Ladies  Auxiliary  to  the  Veterans  of  Foreign  Wars,  USA 
“Role  of  IRF-1  in  Breast  Cancer  Antiestrogen  Resistance” 

This  project  was  designed  to  identify  which  apoptotic  genes  are  affected  by  IRF-1  downregulation  in  breast 
cancer  cells  with  acquired  antiestrogen  resistance. 

Role:  Pl/Postdoctoral  Fellow 

PDF0503551  Clarke  (PI)  5/2005  -  4/2007 

Susan  G.  Komen  Breast  Cancer  Foundation  Postdoctoral  Fellowship 

“IRF-1 -dependent  apoptosis  and  antiestrogen  sensitivity  in  breast  cancer” 

The  primary  goals  of  this  project  are  to  determine  how  IRF-1  controls  apoptosis  through  the  BCL2  gene  family, 
and  ascertain  whether  restoration  of  IRF-1  expression  restores  antiestrogen  sensitivity  to  resistant  breast 
cancer  cells. 

Role:  Postdoctoral  Fellow 

BC051 851  Riggins  (PI)  9/2006  -  9/2007 

Department  of  Defense  Breast  Cancer  Research  Program  Concept  Award 

“ERR  Gamma:  Does  an  Orphan  Nuclear  Receptor  Link  Steroid  Hormone  Biogenesis  to  Endocrine 
Resistance?” 

This  study  will  determine  whether  ERRy  expression  and  activity  affects  cholesterol  synthesis  in  breast  cancer 
cells. 

Role:  PI 
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